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PREFACE
It wasthebeginningof 1994when Lt.Col. GiuseppeArpaia(Chiefof the
ArmamentandAvionicsDepartment,andsuccessivelyTechnicalDirectorofRSV)asked
me to undertakea studyaimedat defininga reliable methodfor predictingand
evaluatingtheperformanceof airbornelaserdesignationsystems.At thattime,1wasa
youngandrecentlyqualifiedFlight TestEngineerwitha littleprofessionalexperience
andonlytwoyearsspentat "RepartoSaperimentaledi Volo" (RSV),whichis theItalian
Air Force OfficialFlight TestCentre. Thestudywasnecessaryfor planningtheinitial
testactivitieswiththeConvertibleLaserDesignationPod (CLDP) andGBU-16Laser
GuidedBombs(LGB's)ontheItalianTORNADO-IDSaircraft,whichweretobecarried
outattheCazauxtestrangein FranceandattheSardiniatest/trainingrange(Poligono
InterforzedelSaltodiQuirra-PISQ), in Italy,during1994and1995.
DuringtheCLDPflight testcampaigns,it wasalsounderstoodthatinvestigationofeye-
safetyissueswasverycrucialfor test/trainingmissionplanning,andthatanadequate
levelof knowledgehadtobeacquiredin thatarea,beforeintroducingintoservicethe
CLDP system(forperforming,infully safeconditions,thenecessaryflight squadrons
trainingactivities).1wasthereforeaskedbytheRSV TechnicalDirectortoundertakea
safetycasestudyfor theCLDP employmenta theSardiniatestrange.
In October19951becametheprogrammanagerfor CLDP testactivitieson theItalian
TORNADO-IDS aircraft and, shortly after, 1 was nominatedresponsiblefor the
integrationofCLDP ontheAM-X groundattackaircraft.
Between1996and1997,1wasinvolvedin thetestactivitiesof threedifferentGround
Laser Target Designator (GLTD) systems,with the aim of issuing technical
recommendationsfor theItalianAir Force,ArmyandNavyprocurementbranches.
In 1997,duringa meetingat theItalianAir Staff,Lt.Col.PasqualeD'Amoreaskedme:
"Would it befeasibleto upgradetheSardiniatestrangeaddingnewfacilitiesfor
carryingoutsafeandeffectivexperimentalndtrainingactivitieswithlasersystems
and laserguidedweapons?". Convincedabouttheimportanceof havinga laser test
andtrainingrangein Italy(thePISQ hasoneof thelargestcontrolledgroundrange
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areasin Europe),I contactedvariousgovernment,industrialandacademicinstitutions
in Italyandabroad,andstartedtoconvincemyselfaboutthetechnicalfeasibilityof the
task.Therefore,withafew technicalelementsandthebravenessofa "visionary"young
engineer,I presentedmy ideasto the TechnicalDirector and to the Chief of the
ArmamentandAvionicsDepartmentatRSV AftervariouscontactswiththeAir Staffin
Rome,whichformallytaskedRSVfor theactivity,I startedaproper "feasibilitystudy".
I workedoneyear to verifYingthe technicalissuesand settingtherequirementsfor
upgradingtheSardiniatest/trainingrange. ThefinalproposalissuedbyRSV wasvery
well receivedby theAir Staffand,afterafew moresteps,a dedicatedresearchand
developmentprogramwasfinancedbytheAir ForceLogisticCommand.
At the beginningof 1998thePILASTER (PISQ LASer Testand EvaluationRange)
developmentprogramwaslaunched.I wasnominatedprogrammanagerandtechnical
responsiblefor theactivity,andwasin thatperiodthat1first metDr MarkRichardson
at theRoyalMilitary Collegeof Sciencein Shrivenham,duringthe "GuidedWeapons
TechnologyShortCourse"whichI attendedinthatyear.
DuringmypermanenceatShrivenham,1hadtheopportunitytoillustratemyideastoDr
Mark Richardson,andhesuggestedmeto undertakeapart-timePhD at RMCS. After
solvingsomefundingissues,in 19991formallystartedmyresearchstudiesat RMCS
and Dr Mark Richardsonwas mysupervisor.
This thesis contains the results of my last five years of research (1 only omitted
unnecessaryor classifiedinformation).Particularly,1 describedall researchwork
performedfor designing,developingandtestingthePILASTER test/trainingrange. This
includedthe design of new range instrumentationand facilities, developmentof
innovativemethodsfor military systemsperformanceprediction/evaluationand
determinationof eye-safetyrequirementsfor employmentof groundandairbornelaser
systemsat the PILASTER range(duringbothexperimentaland trainingactivities),
togetherwithextensivelaboratory,groundandflight testactivitieswithstate-of-the-art
ground/airbornelasersystemsandlaserguidedweapons.
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SUMMARY OF THESIS
This thesisdescribestheresearchworkperformedfordesigning,developingand
testinga new lasertestandtrainingrangefor theItalianAir Force. This includesthe
designof newrangeinstrumentationandfacilities,developmentof innovativemethods
for militarysystemsperformanceprediction/evaluationa ddeterminationof eye-safety
requirementsfor employmentof groundandairbornelasersystemsatthe laserrange
(duringbothexperimentalndtrainingactivities),andextensivelaboratory,groundand
flighttestactivitieswithstate-of-the-artground/airbornelasersystemsandlaserguided
weapons.
Between1997and1998theItalianAir ForceOfficialFlightTestCentre(ItAF-OTC) set
the requirementsfor upgradingthe PISQ test/trainingrange(PoligonoInterforzedel
Saltodi Quirra- Sardinia- Italy),addingnewfacilitiesfor carryingoutsafetraining
andexperimentalactivitieswithairborneandgroundlasersystems,togetherwithLOW
deliverytests. Accordingto theseinitial requirements,thePILASTER (PISQ LASer
Test and EvaluationRange)researchanddevelopmentprogramwas dividedin two
differentphases.Theaimof thefirstphaseof theprogram(1999-2002)wasto provide
an initial operationalcapabilityfor carryingout,in fully safeconditions,groundtests
andflightexperimentalactivities(withrelatedmeasurementsandsemi-automateddata
analysis),requiredforperformancevaluationof militarylasersystems.Thesuccessive
phaseof the program(still ongoing)is aimedto implementingthe PILASTER full
operationalcapability,requiredforperformingall lasertest/trainingactivities,including
allmissionplanningandfully-automatedpost-missiondata nalysistasks(2002-2004).
Implementationof suitablemathematicalmodelsfor lasersystemsperformanceanalysis
(i.e., atmosphericpropagation,missiongeometry,targetback-scattering,etc.) is an
essentialrequirementof the PILASTER program,due to the need for 'realistic'
simulationandmissionplanning,togetherwithreliablepost-missiondataanalysisatthe
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range.Veryimportantis alsothedefinitionofeye-safetycriteriandprocedures,since
mostof currentlasersystemsoperateinthenearinfrared,withconsiderableriskforthe
nakedhumaneye.
In this research,presentlasertechnologystatusand futuretechnologytrendsare
investigated,with particularemphasisfor the systemsnow in serviceor under
developmentfor theItalianAir Force. TheseincludetheThompsonConvertibleLaser
DesignationPod (CLDP), The ELOP PortableLaserDesignator(PLD) system,Laser
GuidedBombs(e.g.,PAVE WAY 11,PAVE WAY III andLizard), andtheMarconi-
SeleniaLaser ObstacleAvoidanceSystem(LOAS) for helicopters. Furthermore,
suitablemathematicalmodelsfor ground/airbornelasersystemsperformanceanalysis
andmissionplanningarepresented,togetherwith innovativemethodsforevaluatingthe
hazardsassociatedwiththeuseof groundandairbornelasersystemsatthePILASTER
range.
Particularly,afterdescribingthetechnicalrequirementsanddesigncharacteristicsof the
PILASTER rangeinstrumentation,safetyissuesof state-of-the-artground/airbornelaser
systemsare thoroughlyinvestigated,in orderto identifyoperationalproceduresand
limitationsfor thesafeemploymentof suchequipmentatthePILASTER rangeduring
executionof both test and trainingmissions. Furthermore,variousmathematical
algorithmsarepresented,evelopedforthePILASTER simulationandmissionplanning
tools,thatallow a completeverificationof laser-safetyfor groundandairbornelaser
systems.
Extensivelaboratory,groundandflightexperimentalctivitiesis performedwith both
groundandairbornelasersystemsin orderto testthevariousPILASTER laserrange
systemsandto validate/refinethemodelsdevelopedfor systemsperformanceanalysis
andsimulation.Furthermore,theLOAS systemis testedbothon thegroundand in
flight,in ordertoassessthesystemobstacledetectionperformancein variousweather
conditions,andtheefficiencyofthealgorithmsdevelopedforobstacleclassificationand
trajectoryoptimisation.
vii
Finally, the requirementsfor both tacticaland test/trainingmissionplanningare
determined,and dedicatedsimulationtools are presentedfor aircraftflight profile
optimisationin both operationaland test/trainingmissions,includingprogramsfor
calculationofgroundlasersafetyareasandaircraftflightprofilerestrictionsforbothtest
andtrainingmissions.
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Chaoter1
INTRODUCTION
1.1 Background
Technologicaldevelopmentin therealmof optronicshaveled to innovative
conceptsin the missionmanagementof currentand next generationgroundattack
aircraft. Particularly,tacticalsystemsincludingLaserRangeFinders(LRF's), Laser
Radars(LADAR's) and LaserTargetDesignators(LTD's) are usedtodayby most
militaryforcesin theworldandnewpromisinglasertechnologiesarebeingexplored.
Most laser systemsare activedevicesthat operatein a mannervery similar to
microwaveradarsbut at muchhigherfrequencies(e.g.,LADAR and LRF). Other
devices(e.g.,LTD andbeam-rider)areusedto preciselydirectLaserGuidedWeapons
(LGW's) againstgroundtargets.A combinationof bothfunctionsis oftenencountered
in modem integratedairbornenavigation-attacksystems. Comparedto similar
microwavedevices,thehigherfrequencyof lasersystemshasthebeneficialeffectof
smallercomponentsandremarkableangularesolutionvalues.Ontheotherhand,laser
systemsperformancearemuchmoresensitivetothevagariesof theatmosphereandare
thusgenerallyrestrictedtoshorterangesthanmicrowavesystems.
For the accomplishmentof aircraftoperationaltaskswith LDT/LGW systems,it is
importanto optimiseflight profilesin bothself-designationandco-operativeattack
missions,allowingstand-offoperationsand safeescapemanoeuvres.This can be
achievedby a carefulmissionplanning(i.e., modellingand simulation),takinginto
accountall elementsplayinga significantrole. Theseelementsobviouslyinclude
weatherconditions(i.e., laserbeamatmosphericpropagation),targetcharacteristics
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(e.g.,reflectance,shape,dimensions,etc.),andaircraft-targetr lativegeometryduring
theattack(i.e.,LTD/LGWtactics).
Similarly,forflightexperimentalandtrainingactivitieswithlasersystemsandLGW'sit
is importanttotakeintoaccountthetacticsofemploymentof thesystems/weaponsin
differentoperationalscenariosandtoverifytheirperformancesin realisticoperational
andenvironmentalconditionsattheranges.Alsoimportantfortest/trainingpurposesi
thedefinitionof lasersafetycriteria,sincemostsystemscurrentlyin serviceoperatein
thenearinfraredwithconsiderableriskforthenakedhumaneye.
Eye-safetechnologyis also being appliedto airbornelaser systems. Promising
applicationsthatarenow receivinga growingattentionincludeLADAR systemsfor
obstaclewarningin low-levelflightmissions. This kind of systemsareparticularly
attractiveforhelicopterapplications.Essentialstepsinthedevelopmentof suchsystems
areobviouslylaserbeampropagationanalysisin variousweatherconditions,definition
of the obstacledetectionperformancesand implementationof suitableobstacle
classificationandprioritisationalgorithms.
Sincethebeginningofthe90's,theItalianAir ForceOfficialFlightTestCentre(RSV)
hasconductedvarioustestprogramswithLGW's, andLTD/LRF systemsfor both
airborneandgroundapplications.In somecases,theactivitieshadtobecarriedoutin
foreigntest ranges,equippedwith groundinstrumentationsufficientfor some
measurementtasks(e.g.,determinationf lasersystemspointingaccuracy),butnot
fulfilling the RSV testrequirements.Particularly,in manycases,laserspot data
gatheringandpost-missiondataanalysiswerevery limited,considerablyreducingthe
scopeof theexperimentalctivitiesandoftenincreasingthetimeandmoneyrequiredto
completetheflighttestcampaigns.Furthermore,oncethevariouslasersystemswere
introducedintoservice,therewasagrowingneedforaneffectivetrainingattheranges,
withadequatereal-timedataacquisitionandpost-missiondataanalysistools.
Therefore,between1997and 1998the Italian Air Force set the requirementsfor
upgradingthe PISQ test/trainingrange(PoligonoInterforzedel Salto di Quirra -
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Sardinia- Italy),addingnewfacilitiesfor carryingoutsafetrainingandexperimental
activitieswithairborneandgroundlasersystems,togetherwithLGW deliverytests.
Accordingtotheinitialrequirements,thePILASTER (PISQ LASer TestandEvaluation
Range)researchanddevelopmentprogramwasdividedin two differentphases.The
aimof thefirstphaseof theprogram(1999-2002)wasto provideaninitialoperational
capabilityfor carryingout,in fully safeconditions,groundtestsandflightexperimental
activities(with relatedmeasurementsandsemi-automateddataanalysis),requiredfor
performancevaluationof militarylasersystems.Thesuccessivephaseof theprogram
(now ongoing)is aimedto implementingthePILASTER full operationalcapability,
requiredfor performingall lasertest/trainingactivities,includingall missionplanning
andfully-automatedpost-missiondataanalysistasks.
1.2 Aim of Research
Themainobjectiveof thisresearchis todesign,developandtesta newlaser
rangeforthetrainingandexperimentalactivitiesrequiredbytheItalianAir Force.This
includesthe designof new rangeinstrumentationa d facilities,developmentof
innovative methods for military systems performanceprediction/evaluation,
determinationof eye-safetyrequirementsfor employmentof groundandairbornelaser
systemsat the rangebothduringexperimentalandtrainingactivities,and extensive
laboratory,groundandflighttestactivitieswithstate-of-the-artg ound/airbornelaser
systemsandweapons.
1.3 Outline of Research
This thesisdescribestheresearchwork performedfor designing,developing
andtestingthePILASTER laserrangefor theItalianAir Force. This paragraphgives
anoutlineof theformatof thisthesis.
Chapter2 describessomeof the airbornelasersystemsfundamentalconceptsmore
relevanto thisresearchandgivesanoverviewof themainapplicationsencounteredin
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theoperationalfield.Particularly,chapter2reviewscurrentlasertechnologystatusand
futuretechnologytrends,withparticularemphasisforthesystemsnowin serviceor
underdevelopmentfor theItalianAir Force. TheseincludetheConvertibleLaser
DesignationPod (CLDP), varioustypes of LGB's and the Marconi-Selenia
CommunicationsLaser ObstacleAvoidanceSystem(LOAS) for helicopters. More
detailedinformationabouttherelevantlasertechnologies,andfurtherdiscussionabout
thevariousairbornesystemsapplications,arepresentedinAppendixA.
Chapter3 discussesthekeyelementsof lasersystemsperformanceanalysis,with the
aimof introducingthemathematicalmodelsrequiredforoperationalmissionplanning
andsimulation.Particularly,suitableformsof thelaserrangeequationaredeveloped,
for determiningtheperformanceof groundandairbornelasersystemsunderspecific
conditionsandwithvarioustypesof targets.Furthermore,anoutlineispresentedof the
laser beamatmosphericpropagationmodelsused for PILASTER test/training
operations(i.e.,missionplanning,safetystudiesandperformanceanalysis)with
ground/airbornelasersystems.Finally,chapter3discussestargetreflectionproperties,
andpresentstheoperationalconsiderationsnecessaryfor lasersystemsperformance
analysis(Le.,target/spotsize,systemerrorsourcesandeffects,missiongeometry,etc.).
Moredetailedinformationabouthevariouslasersystemsperformanceissuesaregiven
in theAppendixesB, C andD. Particularly,a discussionof lasersystemsrangeand
detectionperformancesis presentedin AppendixB, fundamentalsof laserbeam
propagationphysicsare given in AppendixC, and laser reflectionpropertiesare
discussedinAppendixD.
The PILASTER test/trainingrange requirementsare describedin chapter 4.
Particularly,thelaserrangeconceptof operationis illustrated,andthegeneralsystems
requirementset in 1998for thePILASTER programarepresented.Theseinclude
requirementsforbothtrainingandexperimentalactivities,withaconceptualdefinition
of thesystemsnecessarybothintherangeoperationalrea(i.e.,targets,ensors,area-
networks,etc.),andintheremotecontrol-room.
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Detailed informationabout the PILASTER design and technicalcharacteristics,
progressivelyrefinedduringthevariousimplementationphasesof the program,are
presentedinchapter5. Particularly,thePILASTERSensorTrackingandMeasurement
Unit(STU)andremoteMonitoringandControlStationUnit(MSU)systemsdesignis
presented.ThePILASTER STU systemallowsaccuratemeasuremento theground
(i.e.,targetslocations)of variousimportantlaserparameters(Le.,beampointing
accuracy,energyreceivedat the targetlocation,spotgeometryon the target,etc.).
Theseinformationarerecordedat the STU andpassed,throughtherangelocal and
wirelessareanetworks(LAN/WAN) to theMSU placedin theremotecontrol-room.
All informationrequiredfor real-timemissionmanagement(i.e.,eye-safetyverification
andtest/trainingoperations)arethendisplayedandrecorded,in suitableformats,atthe
PILASTER MSU.
Themethodsdevelopedforevaluatingthehazardsassociatedwiththeuseof groundand
airbornelasersystems,arepresentedin chapter6. Particularly,safetyissuesof state-of-
the-artNd :YAG targetdesignatorsare thoroughlyinvestigated,in orderto identify
operationalproceduresandlimitationsfor theemploymentof suchequipmentat the
PILASTER rangeduringexecutionof bothtestandtrainingmissions.
Various milthematicalalgorithmsare presented,developedfor the PILASTER
simulationandmissionplanningtools,thatallowa completeverificationof laser-safety
forgroundandairbornelasersystems.
In order to optimisethe employmentof the systemsin service(e.g., LTD'sand
LGW's), aswell asfordevelopingnewsystems(e.g.,PILASTER sensors,LOAS), and
fully definingtest/trainingrangerequirements,it wasessentialto performa numberof
experiments. Someof theseexperiments,suchas determinationof LGW seeker
detectionthresholds,PILASTER sensorsselection/calibrationand measurementsof
targetmaterialsreflectionproperties,were convenientlyperformedin a laboratory
facility. Otherimportantmeasurementsandtestswereperformeduringappropriate
fieldandflighttestsessions.
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Chapter7 describesthe laboratoryexperimentalctivitiescarriedout duringthis
research.Theseinclude:
DeterminationfLGW SeekersDetectionThresholds;
MeasurementsofSurface/PaintsReflectionProperties(PILASTERtargets);
PILASTERSensorsTestingandCalibration;
LOASLaserSystemTesting;
Testof LaserProtectionFilters(Cinetheodolites,GroundPersonnelandAircrew).
Particularly,thespecifictestaims,testmethods(i.e.,instrumentationrequirements,
detailsofmeasuresperformed,etc.)andtestresults,arepresentedinthischapter.
Groundexperimentsperformedduringthisresearcharedescribedin chapter8. These
includeNIR laserbeamatmosphericpropagationmeasurements,LTD/LRF pointing
accuracytests,systemsharmonisationa dperformanceevaluationtrialsoftheSTDand
DifferentialGPS (DGPS) componentsof the PILASTER system. Furthermore,
dedicatedgroundtrialswereperformedon theLOAS systemin orderto assessits
detectionperformance(invariousweatherconditions),andtoverifythereliabilityof its
obstacleclassificationalgorithms.The varioustest objectivesand procedures,
instrumentationemployedandmethodsofanalysisaredescribedinchapter8,together
withresultsofthegroundexperimentalactivities.
Chapter9 describestheflighttestactivitiesperformed uringthis researchandgives
indicationsabout furtheractivitiesplannedfor the future. Flight test activities
performedaspartof thePILASTER developmentproject,includedthefollowing:
PropagationMeasurementsinObliqueAir-to-groundPaths;
CLDP PointingAccuracyMeasurements(TORNADO-IDS);
CLDP FUR SystemsFlightTesting(TORNADO-IDS);
MB-3339CDGPS FlightTrials;
TORNADO-IDS DGPS FlightTrials;
LOAS PreliminaryFlightTrialsontheNH-300Helicopter;
LOAS FinalFlightTrialsontheAB-212Helicopter.
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Particularly,the PILASTER STU and MSU systemsweretestedduringtheir
employmentinrealair-to-groundmissions(bothwithandwithoutdeliveriesof guided
weapons).WiththePILASTERsystemsintheiroperationalconfiguration,atmospheric
extinctionmeasurementswereperformedwithtypicalair-to-groundmissiongeometries
(i.e.,obliquelaserpaths),andthecorrectionfactorsfortheESLM sea-levelatmospheric
propagationmodelsweredeterminedin theseconditions. CLOP pointingaccuracy
(from geometricand energyspot measurements)was also determinedduringthe
TORNADO-IOS flight testcampaignandCLOP FUR systemstestswereperformed
withvariousaircraft-targetgeometries.
The DGPS testactivitieswereperformedwiththeaimof selectinga suitablePosition
ReferenceSystemforbothexperimentalndtrainingactivities(i.e.,real-timeandpost-
flightmissiontrajectorydataanalysis).Furthermore,theaircraftenvelopelimitations
associatedwiththeuseof airborneGPS systemsweredetermined.
TheLOAS flighttestactivitieswerecarriedoutin ordertoverifythefunctionalityof the
systemin a representativeoperationalenvironment(i.e.,systemdetectionperformance
in variousweatherconditionsandwithvariousobstaclescenarios),andto assessthe
efficiencyoftheLOASobstacleclassification/prioritisationlgorithms.
Chapter10 is dedicatedto the simulationtools developedduringthe PILASTER
programfor systemseye-safetyandperformanceanalysis.The mathematicalmodels
developedduringtheresearchwereincorporatedin thePILASTER simulationtools,
allowing definitionof test/trainingmissionconstraintsand operationalfeasibility,
togetherwithpost-missiondataanalysis.Theassumptionsadoptedfor implementation
of thevariousalgorithmsin thePILASTER simulation/analysisprogramsarepresented
inthischapter,togetherwithresultsof somerelevantsimulationtasksperformed.
Finally, chapter11 summarisesthemainachievementsof this researchandoutlines
suggestionsfor furtherwork.
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LASER SYSTEMS OVERVIEW
2.1 General
Sincetheearlydaysof lasertechnology,manycountriesupportedlarge
laserR&D budgetswhichleadedto a rich diversityof systems,rangingfrom
'laboratory'systemsdemonstratingthelatestnon-linearopticaltechnologyto eye-safe,
low costlaser-rangingbinoculars.Traditionally,militaryinterestsin lasersystemshas
been concentratedin four generalareas:Laser Rangefinders(LRF's) and Target
Designators(LTD's), Laser Radars (LADAR's), Laser CommunicationSystems
(LCS's), andDirectedEnergyWeapons(DEW's). Thenatureof theinterestin laser
technologyis, for a considerablepart,significantlydissimilarfor the threemilitary
service branches,and this is mainly due to the different requirements(e.g.,
environmental,weight/size,performance,tc.)of systemstobeusedon land,atsea,and
in theair. Althoughmilitarylasersaresignificantlydifferentfromthosewhichexistin
thecommercialworld,commercialapplicationsof militarytechnologiesarebeingalso
exploited.
Duetotheaimof thepresentresearch,in thischapterwewill reviewthefundamentals
of the most popularof currentairborneand groundtactical laser systems(Le.,
LADARlLRF andLTD), withparticularemphasisfor thesystemscurrentlyin service
or underdevelopmentfor theItalianAir Force. More detailedinformationaboutthe
relevantlasertechnologies,andadiscussionof variousairbornesystemsapplications,is
presentedinAppendixA.
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2.2 Laser Rangefinders and Target Designators
Range finding was the first military applicationof laser technology.
Operationalrangefinderswereintroducedintothearmedforcesas earlyasthemid-
sixties,onlyfiveyearsafterTheodoreMaimanpresentedthefirstworkinglaser. Since
then,thousandsand thousandsof Laser RangeFinders(LRF's) and Laser Target
Designators(LTD's) havebeendeliveredto thedefenceforcesin manycountriesall
overthe world. Today,LRF's and LTD's arenecessarypartsof modemWeapon
AimingandFireControlSystems.
Thehighradianceandnarrowbeamwidthof thelasermakesit possibletodetermine
distanceswithgreataccuracy.Theaccuraterangeandangleinformationprovidedby
theLRF in modemFireControlSystems(FCS's) is responsiblefora majoradvancein
the precisionand effectivenessof weaponsin battlefieldconditions. Additionally,
shrinkingdefencebudgetsmakeit moreattractiveformilitaryorganizationstoupgrade
existingsystemsratherthanto procurenewones. Integrationof a modemLRF in
military platformscan provide major performanceenhancementat modestcost,
particularlycomparedto all-newsystems.A varietyof lasertechnologieshavebeen
appliedto rangefindersandNeodymium-YttriumAluminiumGarnet(Nd:YAG) LRF's,
operatingatawavelengthof 1064nmandbasedontheprincipleof pulsetime-of-flight
measurement,arethestate-of-the-art.The adventof inexpensiveye-safesystemsin
the military field offers both the opportunityfor expandedtraining and new
applications.LRF's operatingat 1530-1550nm,basedonEr:fiberandRaman-shifted
Nd:YAG lasers,maybe usedwereeye-safetyis fundamental.CO2eye-safeLRF's,
operatingat 10.6f..lm,havebeendevelopedin manyconfigurationsandtheycanplaya
significantpartin conjunctionwithpassivethermalimagingsystemsandothermulti-
functionalsystemapplications.
Laser Target Designators(LTD's) and Laser Guided Weapons(LGW's) were
developedin orderto satisfythemilitaryrequirementforweaponsystems(i.e.,bombs
andmissiles)capableof pinpointaccuracy,especiallywhenthetargetis relativelysmall
andwell defended.Until recently,therehaveonlybeentwoalternativesto dealwith
2-2
thiskindofsituation:eithergetcloseenoughtothetargettomakecertainofahitoruse
somekindofblanketbombingovera fairlylargearea.Closingin thetargetmaybe
extremelydangerousand,if it iswelldefended,couldleadtoahighcasualtyrate.On
theotherhand,blanketbombingmaynotbeeffectivein destroyingthetargetormay
requireexcessiveamountsof ammunition. Furthermore,a concernparticularly
importantin currentconflictscenariosis thereductionof collateraldamage.This has
forcedthemilitaryinto thedevelopmentof 'smartmunitions'which easilypinpoint
specific targets. The LTD is an essentialelementfor the operationof these
sophisticatedweaponsystems.Foroperationof LGW'sor 'smartmunitions',acoded
laserbeamfromtheLTD isdirectedatthetarget.Thereflectedpulsesfromthetarget
arescatteredin manydirections.TheyaredetectedbytheLGW (bombor missile)
targetseeker,whichisasensorontheheadoftheLGW respondingtothesamecodeas
in thebeam.Themissile/bomb,whichnormallyis firedfromadistantplace(e.g.,an
aircraft),will thushomeinonthetargetanddestroyit.
Fromthedescriptiongiven,it appearsevidentthat,withsimpledesignmodifications
(e.g.,specificlasercoding),aLRF canserveadmirablyasatargetdesignatorandithas
theaddedadvantageofsimultaneouslyprovidingslantrangetothetarget.
A technicalintroductionto LRF, LTD andLGW systemsis givenin AppendixA. In
the following paragraphs,we presentan overview of the relevant technical
characteristicsof thesystemsin servicewiththeItalianAir Force.
2.3 Italian Air Force LTD/LGB Systems
Sincethebeginningof the90's,theItalianAir ForceFlightTestCentre
(RSV) hasbeeninvolvedin variousactivitiesrelatedwithlaserguidedweaponsand
designationsystemsfor airborneandgroundapplications.Particularly,theThomson
ConvertibleLaserDesignationPod(CLOP) withbothTV andIR capabilitieshavebeen
integratedon TORNADO-IDS aircraft,togetherwith LaserGuidedBombs(LGB) of
variouscharacteristics(PAYEW AY 11andIll), anda GroundLaserTargetDesignator
(GLTD) hasbeenalsotestedbyRSV andintroducedintoservicewithAir ForceGround
Troops(AGT) andArmyForwardAir Controllers(FAC's). Otheractivitiescurrently
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ongoing,includeintegrationfCLDP ontheAM-X aircraftandofLIZARDLGB onthe
AM-X andTORNADO aircraft. Futureactivitiesincludeintegrationof a new
generationLaserDesignationPod (LDP) on EurofighterTyphoon,andenhanced
PAYEWAY III (i.e.,GPS aidedlaserguidance)onbothTORNADOandTyphoon
aircraft.
Figure2-1. TORNADO PA VEWA Y 11Flight Trials.
TheCLDP systemis designedforday/nightself-designationa dcooperativeattacks,
andcanalsoperformaccuratenavigationfixes(i.e.,rangefinding).IntheTORNADO-
IDS integrationscheme,CLDP is anon-jettisonablestoreandis carriedontheforward
sectionoftheaircraftleftshoulderpylon.
GBU-16(PAVEWAY 11)LGB is anMK-83 1000poundswarhead,equippedwith
secondgenerationmodularelectronicsandmechanicalssembliesdesignedtoprovide
theweaponwithalaserbang-to-bangguidancecapability,formediumandhighaltitude
attacks.
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GBU-24(PAVEWAY Ill) is thethirdgenerationof laserguidedmunitions,composed
by a 2000Ibs warhead(MK-84/BLU-109)and a proportional-guidancesystem.
Specificallydesignedtoenhancelowaltitudedelivery(hencethenameLLLGB - Low
LevelLaserGuidedBomb),theweaponcharacteristicsal ogreatlysimplifymedium
andhighaltitudedeliveries.
LIZARD is a medium-highaltitudeLGB withproportionalguidanceanda standard
MK-82(500Ibs)warhead,recentlyintegratedontheAM-X aircraft.TheLIZARD has
physicalcharacteristics(i.e.,massdistribution,mechanicalinterfaces,etc.)identicalto
theOPHER IR GuidedBomb(1GB),previouslyin servicewith theItalianAir Force
(thisfactgreatlysimplifiedtheactivitiesrequiredforLIZARD-aircraftintegration).
In thefollowingparagraphs,aftera brieftechnicaldescriptionof theCLOP andGLTD
systemscharacteristics,relevantinformationis providedaboutLGB's currentlyin
servicewiththeItalianAir Force(i.e.,GBU-16,GBU-24andLIZARD).
2.3.1 CLDP Description
The ConvertiblelaserDesignationPod (CLOP) is a systemdesignedto
providetheaircraftwithdayandnightlaserdesignationcapability,for cooperativeand
self-designationattacksperformedusinglaser-guidedweapons.The pod is equipped
with an internaldesignationlaseroperatingat 1.064~m(non-eyesaferegionof the
spectrum)andmaybeconfiguredfor day-timeoperationby usinga televisioncamera
(TV) or forday/nightoperationbyusinganIR sensor(IR). TheTV configurationmay
alsoprovidedaytimeadvantagesinhighhumidityconditions.In itssubsidiaryrole,the
CLDPcanalsoactasasensorfornavigationfixingincludingheightfixing.
As shownin Fig.2-2,bothCLDP configurationsconsistprimarilyof twosections:an
interchangeablefrontsectioncontaininga TV sensorheador IR sensorhead,anda
commonbodycontainingacentralsectionandarearcoolingunit[1].
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FORWARDSECTION ROLL SECTION
TV POD FRONT SECTION (OR TV HEAD)
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CENTRE SECTION LDP ADAPTER FCU
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FORWARDSECTI ON ROLL SECTION
=
TC POD FRONT SECTION (OR TC HEAD)
Figure2-2. CLDP TVandIR configurations.
In the TORNADO-IDS integrationscheme[2], theCLDP is a non-jettisonablestoreand
is carriedontheforwardsectionoftheaircraftleftshoulderpylon(Fig.2-3).
In conjunctionwiththeMainComputer(MC), realtimevideowithCLDP symbologyis
displayedon the aircraft TVITAB navigator'sdisplays,and the CLDP related
symbologyis displayedonthepilot'sHead-UpDisplay(HUD).
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Figure2-3. TORNADO-IDSCLDP installation.
An electricaladaptorinstalledon thebackof thecentresectionprovidestheelectrical
interfacebetweentheCLDP andtheaircraft.TheadaptorinterfaceswiththeMC viathe
aircraftMissileControlUnit(MCU), usingaMIL-STD-1553Bdatabus.
TORNADO CLDP mainfunctionsareselectedbytheWeaponSystemOperator(WSO).
Commandsandcontrolsarelocatedin theTORNADO rearcockpit.PodLine of Sight
(LOS) controlsarelocatedbothin frontandrearcockpits(Fig.2-4). ThevariousCLDP
functions(automaticor selectableby the crew)aredescribedin the following sub-
sections.
SvstemInitialization.Thepodis switchedonviatheCLDPcontrolpanel(CP)located
intherearcockpit(Fig.2-4).Thesystemexecutesastart-upsequence,checkingCLDP
internalequipments atus.At theendofsequencethepodentersthestand-bymode.
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Figure2-4. CLDP cockpitcontrols.
CLDP svstemStatusCheck.Thesystemcontinuouslycheckstheintegrityof CLDP-
aircraftcommunication,advisingthe crew of failure occurrences. If an internal
equipmentfailureis detectedbythesystem,a specificwarningis shownontheWSO
display(TV-TAB). Furtheradviseofpodinternalsub-systemfailureisalsogiventothe
WSObymeanof adedicatedTV-TAB CLOP formatwhichcanberecalledthrougha
display"softkey".
SlaveModes. The CLDP LOS pointingis controlledthroughdirectioncosmes
calculatedintheaircraftMC. Furthermore,pointingcanbeadjustedmanuallyusingthe
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Navigatoror Pilot HandControls(NHC/PHC).
available:
The followingSlavemodesare
- Slave-Slave.TheLOSpointsatthetargetoratafix-pointprovidedthathesystemis
in Fixingor in Attackmode.In thismodetheLOS pointingis fixedto thetarget
virtualposition.
- Slave-GroundStabilized.LOS positioncanbeadjustedviaNHC inputs.In this
modetheLOS isgroundstabilizedtothetargetposition,takingintoaccounttheNHC
demands.
- Slave-Cage.LOS pointsstraightaheadinazimuthand40downin elevation.
- Slave-Manual.LOSdirectioncanbecontrolledviaNHC input.Startingina Slave-
Cageposition(systeminnavigationmode),LOSpointingcanbeadjustedviaNHC.
In thismodeLOS is notgroundstabilized(notarget/fix-points recognizedbythe
aircraftMC).
TrackModes. Thepodentersin TrackmodefromSlaveonWSO selection.With the
Trackingmodeselected,thepod doesnot considertheMC inputsin termsof LOS
directioncosinesbutit maintainstheLOS overlappedtothetargetby itself,usingoneof
thetwoavailablesub-modes:
Trackinf!bvArea Correlation(TAC). CLDP performsa digitalstoreof thewhole
videoimagewhichisthensuperimposedontotheactualiveimage.Thecorrelation
betweenthetwoimagesgeneratescommandstomoveLOS consequently.However,
LOS canbemanuallyorientedprovidedthatNHC is selectedforCLDP use.
Trackingbv ImageContrast(TIC). CLDP performsa digitalscanof thevideo
imagelookingfor an areaof highcontrastwith thebackground.The CLDP will
thencorrectLOS positionoverthatarea,focusedtothevideocentredimage.If the
positionis manuallyadjustedviaNHC, thenthisfunctionis disabledandtheTAC
modeis automaticallyre-selected.
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Maskiml.CLDPLOSpointingislimitedbyaircraftmaskingeffects(Le.,obscurationf
the CLDP line-of-sightdueto impingementof the aircraftbody). The CLDP
automaticallypreventsthelaserfromfiringonaircraftstructureandexternalstores.
Togetherwithaircraftprofile(includingstores),themaskingfunctionalsotakesinto
accounttheCLDPBlindCone(CLDPrear).A pre-maskingfunctionisalsoavailableto
warntheaircrewofthemasklimitproximity.
ComoutedRateTrack(CRT).TheCRT functionis automaticallyselectedwhenever
Trackingmodeloses"goodtrack"orattheoccurrenceofamaskimpingement.InCRT
modetheLOS is aimedto thetargetby CLDP computerusingtheaircraftvelocity,
attitudeandslant-rangetotargetinformationprovidedbytheMC.
Pod/Aircrafl Harmonization(P/A). The Pod/Aircraft(P/A) Harmonizationprocedure
mustbeperformedeverytimethepodis installedonaircraft.Theprocedurecorrectsthe
misalignmentbetweentheCLDP andtheaircraftaxes. Providingthatthepod is in
Trackmode,thisfunctioncanbeperformedthroughWSO andPilot co-operation(Pilot
method)or by WSO only (Navigatormethod).During the PIA Harmonization
procedure,themisalignmentin Z andY rotationaxes(verticalandtransverseaxis)is
calculatedby thesystemandstoredin a pod not-volatilememoryas delta-piIRhand
delta-yawanglestobeaddedtotheazimuthandelevationLOS pointing.
Video/laserBoresi2ht(V/L). TheV/L Boresightfunctionis usedto checkthelaser
efficiencyandtocorrectanylaser/opticalxismisalignment.Thisfunctionis required
tobeexecutedbeforeattack/fixing.
Reversionarv. The Reversionarymodeis automaticallyselectedif the Weaponor
AvionicBus fails,theWeaponBusis shut-downasresultof MC failureor Re-cycle,or
theMCD fails. Whenin Reversionarymodethepod is still capableof trackingand
illuminatingthetarget.
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CLDP Tarflet/NaviflationFixinfl. CLDP canbeusedasasensorfornavigation/target
fixingpurposes,inthefollowingmodes:
Plan Fixing (no laseroperation).CLDP LOS angularpositionandselectedheight
sensordataareusedtocalculatetheaircraftpositionwithrespectotarget/fix-point.
ThreeDimensionalFixing(laseroperation).LaserRangeandLOS angularposition
areusedtocalculateaircraftpositionwithrespectothetarget/fix-point.
DesiflnationAttacks.Thesystemallowsfor:
- SelfDesignationAttacks,in whichtheaircraftactsasilluminatorfortheowncarried
LGB's. The following bombingattackprofilescan be performedduring self-
designationattacks:
GBU 16:Dive,Level,Loft.
GBU24:Dive,Level.
- Co-operativeDesignationAttacks,in whichtheaircraftactsastheilluminatorfor
partner(s)aircraft.Co-operativeprofilescanbechosenbetween:
NSTR (No Steering),in whichaircraftis drivendirecttoover-flythetarget.
STR (Steering),in whichaircraftis drivento passtangento theLethalRange
(LR) accordingtopre-plannedHeadingChange(HC).
The lasercan be operatedby a pre-plannedcounter(Real Time or CountDown) or
manually.Co-operativeattacksteeringlawsrequirethattheattackis initiatedrespecting
theaircrafttotargetminimumdistance(break-offpointnotyetreached)andtrackangle
errorwithintheoperationallimits,asshowninFig.2-5. If oneorbothof theselimits
areexceeded,theaircraftwill notrespectpropersteeringandwill notperformproperly
theexpectedturnorwillnotacquiretheplannedheadingchange.
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Figure2-5. CLDP co-operativeattacksteeringlaws.
2.3.2 ELOP-GL TD System Characteristics
TheELOP-GLTD system,inservicewiththeItalianAir Force,isdesigned
forday-nightoperationswithLGW'sandisequippedwithaRemoteControl(RC)anda
TacticalComputer(TC)wherethedistance,azimuth,elevationandWGS-84geodetic
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coordinates(obtainedfromaGPS)ofthetargetaredisplayed.AsshowninFig.2-6,the
ELOP-GLTD systemisconstitutedbythefollowingmaincomponents[3]:
PortableLaserDesignator(PLO)
ArtilleryThermalImagerModuleLong-Range(ARTIMLR)
TraversingUnit(TU)
TacticalComputer(TC)
ComputerHeaterBattery
RemoteControl(FireSwitch)
Tripod
BatteryPack
CommunicationCable
PowerCable
The systemis basedonthePLD. This unitenablesviewingandacquisitionof targets,
designatingthemandmeasuringtheirrange.Nightvisionis obtainedbytheARTIMLR.
ThePLO andtheARTIMLR areattachedto theTU, whichallowsthemaneuveringof
thesystemduringthesearchfortargetsortheirtracking,byeasychangeof azimuthand
elevationangle.TheTU is mountedontheTripod,thatallowssettingupandlevelingof
the systemon practicallyany terrain. The handheldTC is attachedto the system
components.Thecomputerenablesdataprocessing,navigationandtargetcoordinates
assignment(it containsa GPS receiver).Thecomputeris connectedto a heaterbattery
for extremelylow temperatureoperation.The PLD is poweredby anexternalpower
source(battery).TheARTIMLR is poweredby anattachedbatterypack. Thehandheld
TC is poweredbyinternalbatteries.
TheELOP-GL TO systemfunctionsare:
Air strikesupportandlaserdesignation.
Rangefindingandartilleryfirecontrol.
Acquisitionandmanagementof targetsbank.
Northingwithamanualcompass.
PositioningandnavigationusingtheinternalGPS receiver.
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PLO
ARTlMLR
TU
POWER
CABLE REMOTE CONTROL
(FIRE SWITCH)
COMMUNICATION
CABLE
TRIPOD
TACTICAL COMPUTER
Figure2-6. ELOP-GLTDsystemcomposition.
The ELOP-GL TD systemcanbecarriedby threesoldiersandcanbedismantledand
reassembledeasily and quickly underany field conditions.
characteristicsof theELOP-GLTD systemarelistedbelow.
The maintechnical
ELOP-GLTD System.
. AzimuthRange
. ElevationRange
3600
:1:200
. TripodWeight
. TU Weight
. BatteryPackWeight
2.8kg
7kg
6.1kg
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PLD Designator
Transmitter
. OutputEnergy
. BeamDivergence
. LaserBeam/LOSBoresight
. MaximumLasingRate
. Coding
RangeReceiver
. RangeDiscrimination. Sensitivity
. RangeMeasurement
SightPerformance
. TelescopeMagnification
. FieldofView
. EyeProtection
ART/MLR
130mJ
130flRad(85%ofoutputenergy)
80flrad
20PPS
PRF (NATO Code)
30m
49dB forawhitediffusivetargetat500m
250to 19990m
x13
5.50
45dB for 1.064!lm
PerformanceCharacteristics
Tab/e2-1. ART/MLR performancecharacteristics.
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Spectral Sensitivity 8 m -10.5 m
Fields of View (FOV)
- Narrow (H x V) 2.10x 1.30:t 0.20
- Wide (H x V) 7.30x 4.50:t 0.50
FOV Change Electricallyactivated
Focus Change Electricallyactivated
Focus Range 200 m to infinityin the NFOV
50 m to infinityin theWFOV
Reticles Electronically generated reticle with different patterns for
WFOV and NFOV as shown in Fig. 2-7.
Operating Time 2 hours with Standard NiMH battery(continuous operation at
room ambienttemperature).
WFOV (View 1 of 2)
- -, --
H
'mO"
NFOV
Figure 2-7. ARTIMLR reticle patterns - WFOV and NFOV.
2.3.3 GBU-16 (PAVEWAY 11)Description
TheGBU-16(PAVEWAY 11)laserGuidedBombis anMK-83 1000pound
warhead,equippedwith secondgenerationmodular electronicsand mechanical
assembliesdesignedto providethe weaponwith the capabilityfor laser terminal
guidance[4]. Particularly,theGBU-16consistsof a forwardComputerControlGroup
(CCG) includingcontrolcanardsandanaftwingassembly,attachedtotheMK-83 body
(Fig. 2-8). The DetectorUnit Housing(DUH) is mountedonthefrontsectionof the
CCG andis freeto gimbal(movelaterally)in anydirection,andis aerodynamically
stabilisedby theringtailmoldedintotherearof thedetectorassemblyhousing. To a
firstapproximationthedetectoris alignedwiththevelocityvectorof theweapon.The
detectorsenseslaserenergyreflectedfromanilluminatedtarget.Thedetectoroutputis
amplifiedandconvertedintocommandsthataretransmittedto theforwardcontrolfins
(orcanards).
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Figure2-8. GBU-16configuration.
GBU-16 guidanceis providedby a "Bang-Bang"control.Whenthecomputersensesa
positionerror,thecontrolfinsaredriventothelimitof theirtravelbyhigh-pressuregas,
regardlessof themagnitudeof theerror.Therefore,thecontrolfinsareeitheratthetrail
positionor full deflectionduringguidance.TheGBU-16 guidancesystemattemptsto
fly a straight-linetrajectoryfrom its presentlocationto the illuminatedtarget.At
acquisition,thecomputersectionof theguidanceunitrecognisestheangulardifference
betweenits flightpath(velocityvector)andtheLOS fromits presentpositionto the
illuminatedtarget(guidancerrorangle).By adjustingtheGBU-16flightpathtoreduce
themagnitudeofthiserror,theweaponcanbeguidedtotheilluminatedtarget.
TheGBU-16is designedformediumandhighaltitudeattacks,performedbothin level
anddiveconditions.Nevertheless,theoreticallythebombmaybe droppedin loft
conditions,althoughtheassociatedrelease nvelopeis narrowedandthedelivery
accuracyisdegraded.
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2.3.4 GBU-24(PAVEWAY Ill) Description
The GBU-24 (PAYEW AY Ill) is the third generationof laser guided
munitionsthatwere developedduringthe Vietnamera. Specifically,designedto
enhancelowaltitudedelivery(hencethenameLLLGB- Low LevellaserGuided
Bomb), the weaponcharacteristicsalso greatlysimplifymediumand high altitude
deliveries[5]. The PAYEWAY III seriesof weaponsconsistof a nosemounted
guidanceunit andan aft wing assemblywhichcanbe mountedon variousclassesof
warheads(seeFig.2-9).
GBU-221B GBU-24(V)1fB GBU-24(V)2IB
MK..a2 GP WARHEAD
FMU.139 FUZE
719 L8S
137.5 INCHES
SOFT TARGETS
MODE 5
MK-84 GP WARHEAD
FMU.139 FUZE
2315 LBS
173 INCHES
SOFT TARGETS
MODE 5
BLU-109/B PENETRATOR WHO
FMU.143 FUZE
2350 LBS
170 INCHES
HARD & SOFT TARGETS
MODES 1-4
Figure2-9. Paveway11/family.
The ItalianAir Forceselectedtwo 2000poundbombs,namelytheMK-84 (complete
assemblyGBU-24(V)1/B) and BLU-109 (completeassemblyBGU-24(V)2/B) high
penetrationwarhead.As in thecaseof PAYEW AY 11,PAYEWAY III LGB is loaded,
released,orjettisonedusingthesamegroundequipmentandaircraftsystemsusedfor
employingconventional,unguidedwarheads.Operationis independentof theaircraft
exceptfor normalsuspensionandreleasefunctions.No electricalinterfaceor aircraft
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ADDendix C
LASER BEAM
PROPAGA T/ONIN THE ATMOSPHERE
C.1 General
As brieflyillustratedin chapter3, thelaserbeamis attenuatedas it
propagatesthroughthe atmosphere,mainlydue to absorptionand scattering
phenomena.In addition,thebeamis oftenbroadened,efocused,andmaybe
deflectedfromits initialpropagationdirection.Theseatmosphericeffectshave
importantconsequencesfor the useof lasersin weaponry,targetdesignation,
ranging,remotesensing,andall otherapplicationsthatrequiretransmissionof laser
throughtheatmosphere.Theattenuationa damountof beamalterationdependon
the wavelengthof operation,the outputpowerand the characteristicsof the
atmosphere.Whentheoutputpoweris low,theeffectsarelinearinbehaviour.That
is, doublingtheinitialbeamintensityresultsin a doubledintensityateverypoint
alongthepropagationpath.Absorption,scattering,andatmosphericturbulenceare
examplesof lineareffects.Ontheotherhand,whenthepoweris sufficientlyhigh,
neweffectsareobservedthatarecharacterisedby non-linearrelationships.Some
importantnon-lineareffectsarethermalblooming,kineticcooling,beamtrapping,
two-photonabsorption,bleaching,andatmosphericbreakdown,which,incidentally,
fixesanupperlimitontheintensitythatcanbetransmitted.Inbothcasestheeffects
canbesignificantandseverelylimittheusefulnessofthebeam.
C.2 Molecular Absorption and Scattering
Somefeaturesof theinteractionof laserbeamswiththeatmosphereare
differentthanthoseencounteredin routinepracticewith conventionaloptical
systems.Mostof thesedifferencesaretheresultof theinteractionof thehighly
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monochromaticlaser radiationwith the fine structureof the atmosphere.
Particularly,molecularabsorptionandscatteringarethedominatingattenuation
phenomena,bothofwhicharestronglywavelengthdependent.
Conventional(passive)electro-opticalsystemstypicallyoperateoverbandwidths
thatarelargecomparedtothewidthofmostmolecularabsorptionlines.As aresult,
theresponseofpassivesystemsi integratedovertheentirebandandtheeffectsthe
finestructureof theatmosphereareaveragedout. Theseeffects,however,aremost
severefor (active)lasersystems,thattypicallyoperateoverlongrangesandusea
naturallyoccurringatmospheregasasthelasergainmedium.Inthesecases,thereis
anunavoidablecoincidenceofthelaserlinewithanatmosphericabsorptionline.
Thefinestructureof theatmospherecanalsohavesignificantlydifferenteffectson
theatmospherictransmissionof thetransmitandreceivepathsof anactivesystem
likeaLRF or a LADAR. If thetransmittero thetargetis in motion,theDoppler
effectwill shiftthecarrierwavelengthon transmissionor reflectionrespectively.
Particularly,a transmittedlaser line, which normallydoescoincidewith an
atmosphericabsorptionline, can be Doppler shiftedso that it experiences
significantlyhigherattenuation.Althoughthis is a rareoccurrence,thesystem
designof thelasersystemmustconsiderthemannerin whichit will beusedto
ensurethatsuchconditionsareavoided.
C.2.1 MolecularLine Absorption
When we considermolecularabsorptiononly, the fraction of
monochromaticradiationtransmitted(orthetransmittance)isgivenby:
,(j) =e-a(J)z (C.I)
werea(f)isthefrequency-dependentabsorptioncoefficientandz isthepathlength.
Eq. (C.l) is validwhentheabsorptioncoefficientis constantfor theentirepath
lengthz. To describeslantpathpropagationwherea(f) is nota constantoverthe
pathlength,oneusesthemoregeneralexpression:
,(j) = e -J:<To(J)Ndr (C.2)
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where (Ya(f) is theabsorptioncrosssection,N is thenumberdensityof absorbing
molecules,andtheintegrationextendsoverthepropagationrangeof length1.
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Figure C-1. Geometryof laser beampropagatingalongslantpath.
Thetransmittanceoftheatmosphereforalaserbeampropagatingalongtheslant
pathshowninFig.C-I isthengivenby:
(
( )fY+r.cos(O)
r f) =e-sec 8 Jo N(Y)O'aU,y)dy (C.3)
Theidealgaslawmaybeusedtoexpresstheintegrandin eq.(C.3)in tenusof the
atmosphericpressurepry) at thealtitudey andthefractionalconcentrationfry).
Thus,wehave:
N(y)=fry)p(y)/kT(y) (CA)
Foranisothenualtmosphereandassumingthatairis anidealgas,thepressureasa
functionofthealtitudecanbeshowntobegivenbythefollowingexpression:
p(y)=poe-Y/H (C.5)
whereH = kT/mgis customarilyreferredto asthescaleheight.Theparameters
m=(21mjN)/Nandg aretheaveragemolecularmassandgravitationalcceleration,
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respectively.Thescaleheightis thedistancein whichthepressureofanisothermal
atmosphereof constantcompositiondropsby a factorof e-J. Eq. (CA) doesnot
applytotheozoneandwatervapourconcentrations.Theamountofozoneis chiefly
a functionof thealtitudeonly,whiletheamountof watervapourdependson the
relativehumidity.
If wenextassumethattheabsorptioncrosssection(ja(f)hasaLorentzlineshapeof
linewidthLlf(i.e.,collisionsarethedominantline-broadeningmechanism),then:
,jf~ 40(p~)i;t; (C.6)
The subscript0 refersto a referencealtitude.Becauseof themorenumerous
collisionsof theabsorbingmoleculeswithN2andO2molecules,thebroadening
pressurein eq. (C.6) is simplythetotalatmosphericpressureat thealtitudeof
interest.Theabsorptioncrosssectionasafunctionof frequencyandaltitudemaybe
expressedintheform:
(ja(f,y)= S(y)Llf(y)
2,,[(j - M +( 4f2(y))']
(C.7)
TheparameterS(y)iscalledthelineintensityorlinestrengthandisgivenby:
00
S(y)= f(ja(f,y)lif (C.8)
-00
The total molecularabsorptioncoefficientat the laser frequencyf is found by
summingover eachmolecularspeciespresentandthe variousallowedtransitions
thatcontributetothetotalabsorptioncoefficient.Therefore,wehave:
a(f) =II SiJ(Y)LI};j(y)Nj(Y)
, j 2"[ (r- foij! +(df~(y))']
(C.9)
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Thesubscripti refersto theith lineof thejth molecularspecieswiththenumber
densityN.i(y).Forexample,theHe-Nelaser,in additiontothe0.6328Jlmtransition,
canalsobeoperatedat1.152276Jlm. It turnsoutthathewatervapourmoleculehas
fiveabsorptionlinesin thisregion;theyarecentredat1.152277Jlm,1.152319Jlm,
1.152373!lm, 1.152420!lm, and 1.152423!lm. The totalabsorptionat the
wavelengthoftheHe-Nelaseris duetothesumoftheabsorptionarisingfromeach
line.
Theaboveexampleillustratesyetanotherimportantaspectoftheinteractionof laser
radiationandtheatmosphere.Sincethelinewidthsof lasersaretypicallyvery
narrow(e.g.,between10-3andabout2A for gaslasers),thespectralabsorption
regionsof interestarealsoverynarrow. Experimentallythis necessitateshigh
resolutionmeasurements,andtheusualtablesor spectraltransmittanceurves,that
giveaverageabsorptionoverrelativelywidebandsarenotstrictlyapplicabletolaser
beamabsorption.Fortunately,a largeamountof high-resolutiondatais now
available,togetherwith moderateandhigh-resolutiontransmissioncodes(e.g.,
MODTRAN, HITRAN, etc.).Someofthesewill bedescribedin laterparagraphsof
thisappendix.
Becauseoftheneedforhigh-resolutiondatait is sometimesdesirabletocalculatethe
atmosphericabsorptioncoefficient.Combiningeqs.(C.3)and(C.9),theatmospheric
transmittanceatthefrequencylis givenby:
- sec(e)fY+No.,(o)
~Jo n: Sij(y)4fij(y)Nj(y)
rU) ~ e ., ,.[V-1'0r{''',(y))'r (C.I0)
This equationmustbeevaluatedby analyticor numericaltechniques.Obviously,
anyexactevaluationof eq.(C.I0) is exceedinglydifficult,if notimpossible.Most
calculationsof this sortassumea modelstandardclearatmosphereandrequire
estimatesthatareattimesnotmuchbetterthaneducatedguesses.Nevertheless,
attemptshavebeenmadeto compileall knownmolecularabsorptionlinesand
theoreticallycalculateatmosphericabsorptioncoefficients[1].
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3.1.1 ContinuumAbsorption
In additionto molecularabsorptionby discreteabsorptionlines,there
existsaslowlyvaryingcomponentofmolecularabsorptioni theatmospherecaused
mainlybymolecularclusters.Thisabsorptionplaysa fundamentalroleparticularly
in "window"regionswhereabsorptionbydiscretelinesis small. It is difficultto
separatetheclustermolecularabsorptionfromabsorptionin thedistantwingsof
strongdiscreteabsorptionlines.Forpracticalreasonsfarwingabsorptionandcluster
absorptionarecombinedandcalled"continuum"absorption.In regionsof more
substantiallineabsorption,theproblemreducestothatof decidinghowfarintothe
wingsof eachlineto assumeindividuallinecontributionsandhowmuchof the
experimentallyobservedabsorptiontomodelas"continuum".Variousmodelshave
beendevelopedfor continuumabsorptioncontributionsin thevariousatmospheric
windows. A comprehensivecollectionof thesemodelsis presentedin Ref. [2].
However,it shouldbe underlinedthat,becauseof the considerablelack of
experimentaldata,relatedto the physicalcomplexityof continuumabsorption
processes,thereisstillsomeuncertaintyinthecontinuumcontributions.
3.1.2 AtmosphericScattering
Scatteringin thesecondattenuationprocessthatwe describe.In this
processthereis no lossof energybutonlya directionalredistributionwhichmay
leadtoasignificantreductioninbeamintensityforlargepathlengths.Forexample,
onacleardayscatteringreducestransmissioni thevisiblespectrumto20%fora 16
kmpath.
The physicalsizeof thescattererdeterminesthetypeof scattering.Thus,air
moleculesthataretypicallyseveralangstromunitsin diameter(largerthanelectron
butsmallerthan2) leadtoRayleighscattering,whereastheaerosols(comparablein
sizeto -1)scatterlightin accordancewiththeMie theory.Furthermore,whenthe
scatterersarerelativelylarge(muchlargerthan2),suchasthewaterdropletsfound
in fog,clouds,rain,or snow,thescatteringprocessis moreproperlydescribedby
diffractiontheory.
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3.1.2.1 Rayleigh Scattering
Rayleighscatteringis duetothedisplacementof boundelectronsbythe
incidentfield. Theprocessis schematically illustratedin Fig. C-2. The incident
harmonicfieldinducesa dipolein themoleculewhosepolarizabilitydeterminesthe
displacement.
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FigureC-2. InduceddipoleinpresenceofappliedharmonicfieldE.
The induceddipoleoscillatesat thesamefrequencyas the incidentandemits
electromagneticradiationwhosespatialdistributionis shownin Fig. C-3.
reradiatedenergyconstitutesthescatteredlight.
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FigureC-3. Spatialdistributionofradiatedenergyflux (S).
C-7
Usingthelawsofclassicalelectrodynamics,tcanbeshownthathescatteringcross-
sectionofasingledipoleradiatorisgivenby[3]:
(~)'m'
as = 6sgJZ"C4[(wg- o} ) +(rW) ]
(C.lI)
where Wo is the naturalfrequency,e is the electroncharge,OJ is the applied
frequency,andris thedampingcoefficient.For thespecialcasewheretheapplied
frequencyw is muchlowerthanthenaturalfrequencyWoandwherethedamping
coefficientris small,eq.(C.1I)reducesto:
(:)' m'
as = 2 4
(
-
J
' forOJ«wo andsmallr
6soJZ"C OJo
(C.I2)
To generalizethisresultweneedtomultiplyeq.(C.I2) bytheso-calledoscillator
strengthf, whichis definedastheeffectivenumberof electronspermoleculethat
oscillateatthenaturalfrequencyWo.Themaximumvalueof theoscillatorstrength
is equalto thetotalnumberof electronsin themolecule.Sincethemoretightly
boundinnerelectronsusuallycannotparticipatein theinteraction,theoscillator
strengthisusuallyconsiderablysmallerthanthislimit.
Thusthefinalexpressionforthescatteringcrosssectiontakestheform:
f. e4~ I
as =6:rs2m2c4 ..140
(C.13)
whichis theclassicalscatteringformuladevelopedbyRayleigh.In thevisibleand
near-infraredregionof thespectrum,theeffectof thistypeof scatteringis often
manyordersof magnitudelargerthanthemolecularabsorption.Beyond1 !lm,
Rayleighscatteringis nolongerimportantand,becauseof theX4dependence,may
beneglected.
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3.1.2.2 Mie Scattering
Reyleighscatteringequationsare basedon the assumptionthatthe
wavelengthof thelaserbeamwasconsiderablylongerthantheradiusa of the
molecule(i.e.,A» a). Thisassumptionpermitstoignorethespatialvariationof the
electricfieldoverthemolecularchargedistribution.Becauseof thisassumption,the
resultsobtainedin thepreviousparagrapharenotapplicablewhenthescattering
particleshaveradiithatarecomparabletothewavelength.GustavMie, a German
meteorologist,wasthefirsttostudythescatteringofelectromagneticwavesbysmall
dielectricspheres.Thetheoryinvolvedis quitecomplexbut,asweareprimarily
concernedwiththeattenuationof laserbeams,wewill onlyusesomeof themore
importantresults.
Mie scatteringin theatmosphereis causedbytheever-presentaerosolparticlesand
by smallwaterdroplets.As canseenfromFig. C-4 [4],theattenuationi the
spectralregionfrom0.3Jimto4 Jim duetothistypeof scatteringfarexceedsthe
attenuationduetobothRayleighscatteringandozoneabsorption.Thisis in spiteof
thefactthataerosolparticleconcentrationsaremanyordersof magnitudel ssthan
molecularconcentrations.
Mie'sscatteringtheorytakesintoaccounthesize,shape,dielectriconstant,and
absorptivityof theparticle.Oneimportantresultofthistheoryis thatparticleswith
thesameproductof theparticleradiusa andpropagationconstantk havethesame
scatteringproperties.TheproductkaalongwiththerefractiveindexdifferenceL1n
betweentheaerosolparticleandtheairdetermineallscatteringcharacteristics.
C-9
~ -4~...
I
-----
,
~ i
.
. '.
; i
~ +-t+l
.
! I
I ! I . I
,,
1
. I '
! ! ..
AAY1.£j(jH ; ! ' ,I
$CA~ING +'--l
(;OeFFlCIENT~ ..~jPURE Ai'CI
.
; '
... t+-H.
.. .
.
.
..
. .
l7~nEI6H i ! '~, , .
~E !:+-y
ABSORPTION NCoeFACIEt+. '.'.<TOZONE '. . !
! I !. !,
I
I I
'[r
(nU
I
°l~
I
11.3t-,
~ - 0.2,-: 1
I
E
~
~
w
g !
~ 0.' f-
U t... I
~ Q(l-7[
.(:
uJ
(IJ
i
~
~,
I
i I
1 .r-t
r !-
tlOS'-
!.
~
I
."r
a,eel
~r,.,:;,.' .
1
\,
1
0.3
L--1
Q..JI. I).S
._~
i}1
~
2
WAVELeNGTH h.m)
Figure C-4. Calculatedatmosphericattenuationcoefficientfor horizontal
transmissionatsea-levelina modelstandardclearatmosphere.
To calculatetheMie attenuationcoefficientwerefertotheexperimentillustratedin
Fig.C-5 [3]. A monochromaticbeamof lightof cross-sectionalareaA andintensity
I is incidenton a cell of volumeV = Adz containingan aerosolwith identical
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sphericalparticlesof radiusa. The total cross sectionof the particles
isaT =NAdz1la2if nooneparticleshieldsanotherparticle.Becauseofabsorptionin
additiontoscattering,theeffectiveattenuationcrosssectionperparticleis largerby
thefactorK, whereK is theso-calledattenuationfactorandK1la2theattenuation
crosssection.If noabsorptionoccurstheattenuationcrosssectionis equalto the
scatteringcrosssection.
Figure C-5. Experimentto illustrateMie scattering.
The fractionaldecreasein intensityof themonochromaticbeamof light as it
propagatesthroughthecellshowninFig.C-5isthen:
dI - K1la2NAdz=Na(a,A}dz-/- A (C.14)
whereNa(a,A)is theMieattenuationcoefficientanda= K1la2istheMieattenuation
crosssection.Thus,theMie attenuationcoefficientis equalto theproductof the
numberdensityN of aerosolparticlesandtheextinctioncrosssection.Sincethe
energyremovedis partlydueto scatteringandpartlydueto absorptionby the
particle,theattenuationfactorK consistsofascatteringandabsorptionterm:
K(a,A)=K, +Ka (C.15)
Becausea fractionof thescatteredradiationis directedforward,theattenuationof
thelaserbeamis inrealitylessthanthatpredictedbyastraightforwardapplicationof
eq.(C.15).
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More generally,for particleswitha sizedistributionN(a),whereN(a)dais the
numberof particlesperunitvolumewithintherangea to a + da,thefractional
changeinthebeamintensityis:
dI '" L,
-- =dzfN(a)a(a,A)Ua
I 0
(C.16)
Integrationofeq.(C.16)yields:
I=Ie-f]dZ0 (C.17)
where:
'"
r = fN(a)a(a,A)da
0
(C.18)
ThevalueofK(a,A)canbecalculatedfromMie'sscatteringtheory.A typicalresult
forsmallwaterdropletshavingarefractiveindexn =1.33isshowninFig.C-6[3].
4
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Figure C-6. Plot of theMie attenuationfactorK for waterdropletswithn =1.33.
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Theresultsareimportantin connectionwiththepropagationof radiationthrough
haze,fog, andclouds.The curveexhibitsa characteristicseriesof decreasing
maxima ndminimaastheparticlesizeincreases.Wenotealsothatastheparticle
sizeincreases,theattenuationbecomeslessdependentonwavelength.For large
particlesizestheattenuationfactorapproachesK = 2, whichmeansthatthe
attenuationcrosssectionof largeobstaclesi equalto twiceits geometricalcross
section,andthewavelengthdependencehasdisappearedcompletely.
Thethreescalesbelowtheabscissain Fig.C-6 indicatetheradiiof theparticlesin
micronsforthreedifferentwavelengths.Forexample,awaterdropletof radiusa =
1JimhasfortheblueA,=0.450~m)theattenuationfactorK =2.38;forgreen(/L=
0.550Jim),K =1.78;andforred(/L=0.650Jlm),K =2.29.In thiscasebothblue
andredlightwouldscattermorethangreenlight.If thedropletshadaradiusof O.7
Jim,abeamofwhitelightwouldappearblueaftertransmission,sincetheredspectral
componentswill havebeenremovedfromthebeambecauseof scattering.If the
dropletsradiiwere0.4J1m,thesituationwouldbereversed,withthescatteredlight
beingblueandthetransmittedlightred. Sincegenerallyaerosolsvaryconsiderably
in size,lightscatteredbythemwill bewhite;thisiswhycloudsarewhiteorgrey.
Thetheoreticalspectsof Mie scatteringarewellunderstood.Thedifficultyarises
whenthistheoryis appliedtoanaerosolcontaininga varietyof particlesizesand
concentrations.Bothof thesequantitiesmustbe knownbeforetheatmospheric
attenuationcoefficientcanbecalculated.As mightbeexpected,theparticlesize
distributionandconcentrationvarywidely,bothgeographicallyandtemporally,ata
givenlocation.Theaerosolparticlesizedistributionalsohasbeenfoundtodepend
onboththerelativehumidityandwindvelocity.Dueto thecondensationf water
vapourontotheparticles,therelativehumidityalsoaffectstheeffectiverefractive
indexof theaerosolparticle.Accuratemeasurementsof all theseparametersi
difficult,andtheamountofreliabledatais limited.Fromtheavailabledata,however,
someparticlesizedistributionshavebeenobtained.
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In propagationstudiesonegenerallyassumesatwo-componentparticledistribution,
oneforcontinentalirandanotherformaritimeair. Thus,thetotalaerosolparticle
sizedistributionofagivenlocationis:
N(a) =Xn(at +Xn(a)m (C.19)
whereN(a)isthetotalnumberofparticlesperunitvolumeperradiiintervalda. The
factorsX andY representtherelativecontributionsof thecontinentalndmaritime
aerosolparticles,respectively;n(a)c and n(a)mare the correspondingsize
distributions.This two-componentdistributionappliesto beampropagationover
landaswellasocean,sinceaerosolparticlesof continentaloriginhavebeenfoundin
airmassesoverthemiddleof largeoceans,andviceversa.If theaerosolparticle
sizedistributionandeffectiveindexof refractionof theparticlesareknown,the
scatteringcoefficient13is givenby:
02
13(,1)=1[ fN(a)Kp2da
01
(C.20)
Eq. (C.20)hasbeenevaluatedfor severaldifferentvaluesof therelativehumidity
[5].TheresultsarepresentedinFig.C-7,whichalsoshowssomemeasuredvaluesof
thescatteringcoefficientin thespectralregionextendingfromthevisibleto2.5~m.
It isevidentthatheyareingoodagreementwiththecalculatedvalues.
It is difficulttoobtainreliablescatteringcoefficientdatain theinfraredbecauseof
thepresenceofbothscatteringandabsorption.A measurementisgenerallyconfined
tospectralregionswheremolecularabsorptionisknowntobenegligible(i.e.,within
atmosphericwindows).Theassumptionisthenmadethatheattenuationcoefficient
measuredis equivalentto thescatteringcoefficient.A furtherassumptionis that
absorptionbywaterdropletsis negligiblysmall.This,however,is onlyappropriate
inthevisibleregionofthespectrum.Forclouddropletsinthe5-to200-pmdiameter
range,absorptionratherthanscatteringisthepredominanta tenuationmechanismof
IR radiation.
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Figure C-7.
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Calculatedand measuredatmosphericaerosol scattering
coefficients.All calculatedvalues(solidcurves)arefora 1.0:1.0
continental:maritimeaerosolmixture.The dashedcurves
correspondtomeasuredvalues.Therelativehumidity(RH)is as
indicated.
PropagationThrough Haze,Fog and Rain
Theeffectsof precipitation(rain,fog,andsnow)onthetransmissionof
laserbeamswerestudiedextensivelyby ChuandHogg[6]. A summaryof their
resultsis reproducedin Fig.C-8. Thefigureshowstheattenuationcoefficientsfora
typicaldensefogandarepresentativeshowerforthewavelengthrangefrom0.6!lm
to 15!lm. For reference,theabsorptionof a layerof watercontainingthesame
amountof liquidwaterastherainisalsopresented.Forthewavelengthrangeshown
C-15
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in Fig.C-8theattenuationbyrain,whichincreasesgraduallyfromthevisibleregion
totheIR region,isconsiderablylessthanthatforfog. Fordensefogs,ChuandHogg
foundthattheattenuationat10.6~mcanexceed40dB/km.It is interestingtonote
thatattenuationby lightfogatA=3.5~mandA= 10.6~mis uptooneorderof
magnitudeless thanat 0.63~m(He-Nelaser),while attenuationof 0.63~m
wavelengthradiationinrainisabout20%nlessthanat3.5~m.
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FigureC-8. Attenuationof infraredradiationduetorain(lowerdashedcurve)
and fog (upperdashedcurve). Absorptionfor a waterlayer
containingthe same amountof liquid water as the rain is
representedbythesolidcurve.
Theattenuationpropertiesof snowseemtobebetweenthoseoffogandrain[7].
In summary,laserbeamsufferconsiderableattenuationwhilepropagatingthrough
rain,fog,andsnow.Penetrationof laserbeamsthroughadensefogis muchmore
difficultthanthrougha heavyrain.It is evidenthatthebeamattenuationby
precipitationis a dominantfactorthatmustbeconsideredwhenthefeasibilityof
laserweaponsystems,laserremotesensing,oropen-aircommunicationsystemsare
tobedetermined.
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3.3 PropagationThrough AtmosphericTurbulence
Temperaturefluctuationsareintroducedinto theatmosphereby such
relativelylarge-scalephenomenaas convectionfromsolarheatingof theearth's
surfaceandbywindshear.Theturbulencenergyis thusinjectedoverscalesizes
largerthansomeminimumvalueLo,whichis calledtheouterscaleof turbulence.
Thecorrespondingwavenumberis Ko=(27dLo).ForwavenumbersmallerthanKo,
theformoftheturbulenceenergyspectrumisdeterminedbylocalsurfaceterrainand
weatherconditions.Sinceconditionsfoundatonepointin theatmosphereusually
differ from thosethatexistat anotherpoint,the turbulenceis generallynot
bomogeneousandisotropic.Unfortunately,theonlysituationfor whichthereis a
well-developedatmosphericmodel is in the caseof homogeneousi otropic
turbulence,wheretherefractiveindexfluctuationsarerandomdueto well-mixed
temperaturefluctuations.TypicalscalesizesforLoareabout100m,or0.2timesthe
heightabovetheground,whicheveris less.
Theinnerscaleof turbulence£.0 markstheturbulencescalesizesatwhichviscous
dissipationconvertstheturbulentenergyintoheat.Typicallyit is ontheorderof 1
mmnearthegroundto aboutI cmat thetropopause.Thecorrespondingwave
numberisKm=(2w£.oJ.TheregionbetweenKoandKmis knownastheinertialsub-
range.Themotionof thelargeturbulenteddies,orcells,causestheformationand
transferof energytosmallereddiesthattransfertheirenergytostillsmallereddies.
Thisprocesscontinuesuntilviscouseffectsdominateandtheturbulentenergyof the
smallesteddiesis dissipated.Theviscousdissipationbeginsat thespatialwave
numberKm.Intuitively,£.=2m'Kmayberegardedasthesizeoftheturbulenteddy,
orcell. Theturbulentinnerandouterscalesarebynomeansfixed,constantvalues,
butpossessdynamicverticalprofilesthatdependon suchfactorsastemperature,
pressure,humidity,andwindspeed[3].
3.3.1 Refractive Index Structure Coefficient
Thesinglemostimportantparameterappearingin almostall equations
thatdescribebeamdisturbancescausedbyturbulenceistherefractiveindexstructure
coefficientCn. It is governedby thepressureandtemperaturedifferenceat two
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points separatedby the distancer (measuredin centimetres)and may be
approximatedby[3]:
C =
[
79.10-6L
]
c
n T2 T
(C.2I)
Wherethetemperaturestructureparameteris:
CT =~((r;+T2)2)~ (C.22)
ThetemperaturesT, T1,andT2areall in oK,andp is theatmosphericpressurein
millibars.Typicalvaluesare:forstrongturbulence,Cn=5 X 10-7;forintermediate
turbulence,Cn=4 X 10-8; andforweakturbulence,Cn= 8 X 10-9.Thestructure
parameterusuallyappearsintheliteraturein theformC;, whichvariesfromabout
10-17m-213for extremelyweakturbulenceto 10-13m-213ormorewhentheturbulence
is strong. This lattervalueis usuallyobservednearthegroundin directsunlight.
Measurementsof Cnwithtemperatures nsors1.6mabovethegroundhaveshown
thatheminimumvalueofCn,occursaboutonetotwohoursbeforesunriseandafter
sunset.Thepeakvalueshavebeenrecordedaroundnoononsunnydays.
All parametersin eq.(C.2I) area functionof thealtitude.Particularly,it appears
evidenthatthestructureparameterCndecreaseswithaltitude.Someapproximate
valuesaregiveninTableC-2[3].
TableC-2. Typicalvaluesof Cnas a functionof height.
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Height(Km) Cn (m-1/3)x 108
0.001 30
0.003 20
0.01 15
0.03 10
0.1 6
0.3 4
1.0 1
3.0 1
Variousmodelshavebeensuggestedto describeC; throughthealtitude(h)only.
Mostofthesemodelscanbecondensedbythefollowinggeneralformula:
C;(h)=C;oh-bexp(-h/h') (C.23)
whereC;o' band h' arethechosenparameters.Particularly,thefollowingmodels
canbeenfoundin theliterature.
Fried'smodel[8]:
b=1I3
h'=3200m ~ C;(h) =4.22x 10-14h-1/3exp(- h/3200) m-213 (C.24)
C;o =4.22x 10-14m-1I3
Brookner'smodel[9]:
b=5/6
h'=320m Eo.> C;(h)=3.6xlO-13h-S/6exp(-h/320) m-2/3 (C.25)
C;o=3.6x10-13m-1/6
Tatarski'smodel[10]:
b=4/3
h '=iXJ ~ C;(h) =4.16xlO-13h-4/3 mo2/3 (C.26)
C;o=4.16xl0-13m-213
Anothermodel,accountingalso for wind influence,is theHufnagel'smodel
presentedbelow[11]:
C;(h) =2 7x 10-16l2.2x10-37hI°(wj27)2xexA-hjlOO~+exA-hjI50~Jm-2/3 (C.27)
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In theHufnagel'smodel,thefactorw is theaveragewindspeedin therangeof
elevationsfrom 5 to 20 km. All othermodelsdo not accountfor wind
characteristics.Eq.(C.27)isactuallyacombinationof twoparts,eachof whichhas
theformof eq.(C.23).Forthefirstpart,b=-10,h'=1000m, C;o=5.94x10-s3m-32/3,
andaweightfactor(w/27iis putintoeq.(C.23).In thesecondpart,b=O,h'=1500
m C2=27x10-16 -2/3, no' m. The Hufnagel'smodelis only valid for therangeof
elevationsfrom3kmabovethelocalgroundlevelto24kmabovesealevel.
The Tatarski'smodelis a theoreticalmodelwhiletheothermodelsarebasedon
experimentalmeasurements.All modelshavebeencheckedunderdifferentweather
conditionsandmeasurementsfields. Tatarski'smodelappearsto fit bestforsmall
altitudes,whiletheothermodelsaremoresuitedtohigheraltitudes[12]. It mustbe
mentioned,however,thatsomeC; (h)verticalprofilemeasurementsperformedat
night[13],indicateincreasesin C; (h)ataltitudeson theorderof 10to 20 km.
Theseresultscontradictthemodelspresentedin thissection.Thecurvesof C; (h)
forall fourmodelspresentedareshowninFig.C-9[12].
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FigureC-9. Refractiveindex structurecoefficientas a function of
altitude.1)Fried'smodel;2)Brookner'smodel;3) Tatarski's
model;and4)Hufnage/'smodel(assumingw=18m/s).
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3.3.2 Turbulence Effects
Let us nextconsidertheexperimentshownin Fig. C-IO in whichan
expandedbeamis transmittedthrougharegionofatmosphericturbulencetoatarget
whereit is observed.Thecharacteristicsof thetransmittera edeterminedby the
outputbeamdiameterd, thewavelengthA, andthefocal lengthf of thebeam
expander.Theturbulencepresentis describedbyouterandinnerscalesizesaswell
astherefractiveindexstructurecoefficientCn.
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Figure C-10. Transmission of a laser beam through atmospheric turbulence. The
region is characterized by the refractive index structure coefficient Cn1
the outer scale Lo and the inner scale £0 .
Dependingonthedominantturbulencescalesizeandbeamdiameterwecanidentify
twocasesthatleadtodifferenteffects.For instance,if thescalesizesatall points
alongthebeampatharelargerthanthebeamdiameter,theturbulencecellsactas
veryweaklensesthatdeflecthebeamasawholeinarandomway,leavingthebeam
diameteressentiallyunaltered.This is shownschematicallyin Fig. C-ll. The
resultingbeamdisplacementfromtheinitialbeamdirectionis knownas "beam
wander".
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LASER
SCREEN
FigureC-11.Laserbeamdeflectedbyturbulencecellslargerthanthebeamdiameter.
Whenthescalesizes(orcelldimensions)aresmallerthanthediameterof thebeam,
diffractionandrefractionof thebeamtakesplaceandthebeam'sintensityprofileis
smearedoutandasarulemarkedlydistorted.Thiseffect,schematicallyi lustratedin
Fig.C-12,is referredtoas"beambreathing"and"scintillation".Dependingonthe
characteristicsof theturbulenceandof thelaserbeam,bothcasesmaybeobserved
simultaneously.
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Figure C-12. Thelaserbeam is broken up by turbulencecells smaller
thanthebeamdiameter.
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3.3.2.1 Beam Wander
Thetenn"beamwander"isusedtodescribetherapiddisplacementofthe
beam'spotonascreenadistanceL fromthelaser.Sincethiseffectis duetolarge
turbulencescalesizes,ageometricalopticsapproachcanbeadopted.Theanalysis,
however,is lengthyandfor thisreasonwe onlypresentheresults.Chiba[14]
obtainedthefollowingexpressionfortheradialvarianceofbeamwander:
2 L3
G"r=1.90.c2-n
2wo
(C.28)
wherew is thebeamspotsizeatthetransmitter,L is thescreendistancefromthe
laserandCnistheindexstructurecoefficient.
Sometimesit ismoredesirabletoknowtherelationshipbetweentheradialvarIance
G";andthebeam'swavelengthA. AccordingtoWeichel[3], wecanrewritetheeq.
(C.28)as:
2
f;
17
G"r=1.83.c26-
n A
(C.29)
wherebothAandL areexpressedinmeters.Beamwanderhasbeenmeasuredunder
varyingconditionsoftransmitterconfigurationsandturbulencestrengths.In general,
the resultsshowthatbeamwanderis to a veryhigh degreeindependentof
wavelength,aspredictedby eq.(C.29)andcloselyfollowsanL C; relationship
[3,14].Beamwanderbecomesamajorproblemwhenevera laserbeammustremain
onaspecifictargetpointforsometime.It ispossible,however,tonegatewandering
withtheaidof a fast-tracking(a fewHertz)opticalsystem.For communication
systemsitmaybemorepracticaltousesufficientlylargeaperturesthatwill coverthe
entirerangeofthebeammotion.
3.3.2.2 Beam Intensity Fluctuations
As illustratedbefore,the movementof small index-of-refraction
inhomogeneitiesthroughthe path of a beamcausesrandomdeflectionand
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interferencebetweendifferentportionsof thewavefront,whichcanleadto an
internalbreakingupof thebeamspotintosmaller"hotspots".Theresultingbeam
shapeandenergydistributionmaybeconsiderablydifferentfromtheonesoriginated
atthelasersource.Variousexperimentsperformedhaveshownthatthedominant
sizeof thehotspotsin thelaserpatternobservedona screendistantL fromthe
sourceis givenapproximatelyb -J LA [15].Brightpatchesofabout1cmdiameter
aretypicalfor L ::::: 1 km. Becauseof theconstantlychangingpattern,a small
detectorplacedin thebeamwill measureintensityfluctuationsorscintillation.The
temporalfrequencyoftheintensityfluctuationsrecordedfixedpointwithinthebeam
usuallyvariesbetween1and100Hz.[16].
As alreadymentioned,beamintensityfluctuationsareprimarilyproducedby cells
thataresmallerthanthebeamdiameter.As aresult,diffractionplaysanimportant
rolein scintillation.To illustratethiswerefertotheturbulenceconditionshownin
Fig.C-13. If thesmalldetectoris omni-directional,theatmospherewill providean
effectiveacceptanceangleforthereceiver(shadedconeinFig.C-13).
Radiationscatteredfromturbulencecellswithintheconecontributetothefieldatthe
receiver,while radiationscatteredfrom cells outsidetheconewill not. The cone
anglee is determinedby a representativecell thatformsthediffractingapertureand
hasanaveragediameterI. Thus,Bs:A , andthelargestconeangleis givenbythe
I
smallestcell,sothat:
Bmaxs:A
10
(C.30)
where10is, asbefore,theinnerscaleof turbulence.Themaximumwidthof thecone
is, of course,determinedbythebeamdiameter,andaslongasthiswidth(LB) is less
than10,geometricalopticsproducesgoodresults. Therefore,geometricalopticsis
validaslongas:
LB - LAmax--<II 00
(C.31)
or
-JLA <10 (C.32)
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Figure C-13. Radiationscatteredfrom turbulence cells inside the shaded
region will contribute to the scattered field at the detector. (a)
Geometricaloptics is valid since the width of the cone is less
than the dimension of a cell. (b) Diffraction effects become
importantwhen the width of the scattering cone includes many
cells.
However,when.JLA ~10,thescatteringconemaycontainmanysmallercells[see
Fig. C-13(b)],andaslongasthedetectorareais lessthanthebeamdiameterthe
detectorwouldrecordpowerfluctuations.Sincetheinnerscaleofturbulencemaybe
assmallas0.5cm,weseethatforarangeofL ~ 1kmandawavelengthA> 0.025
f.lm,scintillationwould be observed. It should be apparentthat the power
fluctuationscanbesmoothedoutbyincreasingthedetectoraperturesothatanumber
orstatisticallyindependentportionsoftheintensitypatternarereceived.
An importantparameterin theanalysisof scintillationis the logarithmof the
instantaneousintensityI(t),whichisexpressedas:
i(t}~ln(I(':: J
(C.33)
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where< I > is theaverageintensity. Since i(t) hasa Gaussianprobability
distribution,thestrengthofthescintillationisdescribedintermsofthe"log-intensity
variance".Forhorizontalpathsandplanewaves,thevarianceof i(t)is givenby:
(]"i~t) =1.23.C2V en LIl (C.34)
wherek =2:r/A.is thepropagationconstant,L is thepathlengthinmetres,andCnis
therefractiveindexstructureconstant.For sphericalwavestheequationis thesame,
butthecoefficientis0.496.
3.3.2.3 Turbulence-Induced Beam Spreading
Due to turbulencethe beamwill also spreadin size beyondthe
dimensionsattributedtotheusualdiffractionspreading.Accordingtothediffraction
theory,a focusedbeamfromauniformlyilluminatedcircularapertureof diameterd
producesaradiationpatterninthefocalplanewhosediameteris:
do=fA.d (C.35)
wheref is thefocal lengthof theopticalsystemandA.thewavelengthof thebeam.
The presenceof atmosphericturbulence,however,preventsus from achieving
diffraction-limitedfocalspotsizes. In practicetheobservedspotsizesareoften
twiceaslargeasthespotsizespredictedbydiffractiontheory.Thisis showninFig.
C-14 [16], where the diffraction-limited(ideal) beam diameterand the
experimentallyobservediameterareplottedagainsttransmitteraperture.
Theturbulence-inducedb amspreadinghasbeenshownbyYura[17]tobegivenin
thefarfieldby:
2z
at ==kpo
(C.36)
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whereatis thedistancefromthez axistowheretherelativemeanirradianceis down
by lie, and:
I
Po=
V(O.545.eC;Z)
(C.37)
is ameasureof thelateralcoherencel ngthofasphericalwavepropagatingthrough
amediumcontaininghomogeneousturbulence.
Figure C-14.
Experimental
0
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TransmitterAperture(cm)
Diameter of transmittedbeam versus transmitter
aperture.Transmittedbeamdiameterwastakenas the
distancebetweenhalfpowerpoints. Pathlength2 km.
Exposuretime30sec.
Theexpressionforpoin eq.(C.37)is validin therangeZc«z« Zi,where:
and
I
ffi
s
Zc = Lo
O.4.eC;3 (2Jr
(C.38)
I
Z -
i - O.4.ec;W
(C.39)
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The rangesZcandZiarethedistanceswheretheaveragefield andlateralcoherence
lengtharedownby lie andequalto theinnerscaleof turbulence(10)respectively.
As before,Lois theouterscalelengthofturbulence.Forintermediateturbulencewe
findthatZcz 1kmandZi» 103km. Fromthesevaluesweconcludethatformost
problemsof interest,hepathlengthZ is withinthelimitsdefinedbyZcandZi. For
pathlengthswhereZ < Zc,turbulencespreadingis negligiblebecausepo ::::;00. At
long rangeswhereZ > Zi, the coherencelengthpo becomes:
Vi:
Po =0.76.Cnk..[;
(CAO)
Since at=2z/(kpo), it canbe seenthattheturbulentbeamspreadingbecomes
wavelengthindependent.Formostsituations,however,turbulentbeamspreadingis
wavelengthdependent,andaccordingtoeqs.(C.36)and(C.37)isgivenby:
a, ~ 2.01VC~8
(CAl)
This resultshowsthatthedependenceof turbulence-inducedbeamspreadingon
wavelengthissmall,beingproportionaltoA-1I5.Thisisanimportantresultbecauseit
impliesan optimumwavelengthfor propagationi a turbulentatmospherefor a
givenaperturediameter,sincebeamspreadingduetodiffractionis proportionalto
thewavelength.
3.4 Astronomical Refraction
A laserbeampropagatingthroughtheatmospherewhoserefractiveindex
(n)isafunctionofthealtituder will bebentintoanarcofradiusR,suchthat:
R-1=~ dn
n(r) dr
(CA2)
or
d() 1 dn- --
dz n(r) dr
(CA3)
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whereBis thebeamdeflectionangleandz isthepathlengththroughtheatmosphere.
Eq. (C.43),describesthepropagationof a raythrougha mediumwitha refractive
indexgradient.Sincetheatmosphericefractiveindexndecreasesinmagnitudewith
heightr, dn/dris negative,andthereforeanegativebeamcurvatureC (definedbyC
= dB/dz)meansa downwardbendingof thebeam.A specificexpressionfor the
dependenceoftherefractiveindexontheheightis [3]:
dn =79x 1O-6
(
! dp_L dT
)dr T dr T2 dr
(C.44)
Wheneq.(C.44)is substitutedintoeq.(C.43),andwithn(r)=1,thebeamcurvature
C is:
C =79XI0-6
(
! dp_L dT
)T dr T2 dr
(C.45)
At sealevel,wherethepressureandtemperaturenormallyare1013.25mbarand293
oK, respectively,andtheverticalgradientis -121mbar/km,thebeamcurvature(in
unitsof f.lrad/km)isrelatedtothetemperaturelapserate(inK/km)by:
dT
C =-32.6-0.93-
dr (C.46)
The temperaturelapserateof a normalatmosphereis -6 oK/km. However,a
considerablygreaterlapseratecanoccurfor shortdistancesabovea hotsurface.
This mayproducean upwardcurvature(C > 0). Conversely,if thelapserate
becomestronglypositive,exceedingabout134oK/km(thismayhappenabovea
very cold surface),the normaldownwardcurvatureof a ray mayexceedthe
curvatureoftheearth'surface,whichis 157f.lrad/km.
Experimentalmeasurementsof atmosphericbeambendingovera 24-hourperiod
haveshownadiurnalvariationofabout30f.lrad/kmona 15kmpath[18].Inanother
experimentA. L. Buck [16]observedthatin 30minthebeamof a He-Nelaser
woulddrift verticallyas muchas 4 m at a distanceof 10km fromthelaser.
Measurementssuchastheserevealthatbeambendingeffectsaregenerallyslowand
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canbecorrectedwitha servomechanismor by manuallyadjustingthetransmitter
optics.
3.5 Non-linearPropagation
The propagationof a laserbeamthroughatmosphericturbulenceis a
linearphenomenoni thattheairisnotaffectedbythebeam.Strictlyspeaking,this
is onlytruefor beamsof relativelylow irradiance.As thebeam'sirradianceis
increased,molecularabsorptionwill leadtotemperaturegradientsinthemediumthat
in turninducedensityandindex-of-refractionchanges.Thefinalresultis amedium
whoseopticalpropertieshavebeenaltered.Thisphenomenonis non-linear,in that
thebeam'sirradiancedistributionleadstoindex-of-refractionchanges,whichinturn
alterthebeam'sirradiancedistribution,whichalterstherefractiveindex,etc.
3.5.1 ThermalBlooming
Oneeffecthatcanbeattributedtothebeam-inducedindex-of-refraction
changeis a defocusing,or "blooming,"of thebeam. The divergenceangleis
considerablymorethanthatdueto diffractionalone.Thisthermo-opticaleffectis
conceptuallyeasyto explain(Fig. C-15).A high-irradianceCW beamwith a
Gaussianirradianceprofilepropagatesthroughstationaryaircharacterisedinitially
(att=0)byaconstanttemperatureTo,densityPo,andindexofrefractiono.Upon
absorptionof laserphotonsbytheairtheenergyis quicklyreleasedasheat,andthe
temperatureof theairwithinthebeamrises.Thehotairnearthecentreofthebeam
axisexpandsradiallyoutward(atthespeedof sound).The expansioncausesa
decreasein themassdensity,whichin turnlowerstheindexof refractionearthe
beam'saxis. The beamnow undergoesa weak,but neverthelessobservable,
defocusingnotunlikethatwhichtakesplacewhena beamis passedthrougha
negativelens.
Various experimentscarried out indicate that the blooming process is most
significantduringthe first severalhundredmilliseconds.Duringthis timethe
initiallyGaussianirradiancedistributionchangesto onewherethepeakirradiance
hasanannularshapethatmovesradiallyoutwardtowardtheinitialbeamedge.
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Figure C-15. Irradiance profile of an initially Gaussian CW beam propagating
through stationary air that at t = 0 has a constant temperatureTo,
densityPo,and indexof refractionno.
The annularpattern next mergesintoa crescent-shapedirradiancedistributionin
whichtheregionof peakintensityis refractedin thedirectionof theair flow. For
instance,an apparentdownwarddeflectionof a laser beam is causedby the
convectivemovementof theheatedair throughthebeam. This behaviourcanbe
understoodqualitativelybyconsideringtheunitvolumeofairasit movesacrossthe
beambecauseof eithernaturalconvectionor wind. As theparcelof airentersthe
beamit beginsto absorbenergy,andits temperatureincreases.This bringsabouta
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flowofmassawayfromtheunitvolumeatthespeedof sound.Thisexodusofmass
lowersthedensityandthereforetheindexof refraction.As a resulttherefractive
indexdecreasesfromtheupwindtothedownwindside(orfromthebottomto the
top,in thecaseof convection)andtheraysarerefractedintotheregionsof higher
refractiveindex(i.e.,thelaserbeambendsintotheflowofair).
At higherwindspeeds,theparcelof absorbingair is movedthroughthebeamso
rapidlythatverylittleenergyisabsorbeduringitstransitime.Densitychangesare
thusverysmall,andconsequentlyverylittleopticaldistortionoccurs.Thetransit
timeofaparcelofairacrossthebeamisacharacteristicmethatisof interesttothe
thermalbloomingproblem.Forinstance,atthebeginning,whenthetimeis lessthan
thetransitime,purethermalbloomingisthemainsourceof opticaldistortion.For
timesthatarelongcomparedtothetransitime,aninitiallyGaussianbeamevolves
intoa steady-state,kidney-shapedirradiancepatternwithitscentreshiftedintothe
winddirection.
Quantitativeanalysesof bloomingmaybefoundin theliterature[3, 19]. In this
appendix,asimple mpiricalapproachispresented,givingtheratioR ofthebloomed
I(B) tounbloomedI(UB) peakirradiance.Forthispurpose,letusconsidera laser
beamwith an initialGaussianintensitydistribution.If bloomingoccursin the
presenceof wind,theintensitydistributionwill bealtered.An exampleof "before"
and"after"irradiancedistributionis showninFig.C-16.
The empiricalrelationshipgivingtheratioR of thebloomedI(B) to unbloomed
I(UB)peakirradiance,isthefollowing[20]:
R=I(B)= 1
I (UB) 1+0.0625N2
(CA7)
whereN, thethermaldistortionparameter,is adimensionlessquantitythatindicates
thedegreeorstrengthofthermaldistortion.HereN isgivenby:
N =N
[
~"f' ao --1'Zf' a;voexp(-yz" )
]
0 2 ---uZ dz"
z 0 a(z') 0 a2(z" )v(z" )
(CA8)
where
No=- nTampz2
mlovoca3p 0
(CA9)
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. DeterminetheBRDF ofvariousmaterials.
UsingtheLaserScatter-meter(LSM) designedandconstructedduringthis
research,furtherlaboratorymeasurementsof BRDF's canbeperformedwith
samplesofvariousmaterialsof tacticalinterest.Thisactivitycanalsoserveto
builtaBRDFdatabasewhichwouldveryusefulfortacticalmissionplanning.
. PerformfurtherflighttestswiththeLOAS system.
Futureflighttestswill beperformedatthePILASTERrangein ordertofurther
assesstheLOAS systemperformance(sensorandprocessingalgorithms)in
day/nightwithvariousweather/environmentalconditionsandto optimisethe
systemhumanmachineinterfaces.Particularly,startingin June 2004,a
dedicatedflighttestactivitywill becarriedoutin orderto assesstheLOAS
systemperformancesfor futureinstallationon theItalianNH-90TTH/NFH
helicopters.ThisactivitywillbeconductedusinganAB-412test-bedhelicopter,
andwill be addressedto theLOAS performanceverificationwith various
referenceobstaclescenariosandin variousweatherconditions,andtoverythe
validityof theHumanMachineInterface(HMI)beingdevelopedfortheItalian
NH-90helicopter.
THE END
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AlJlJendix A
INTRODUCTION TO
AIRBORNE LASER SYSTEMS
A.1 Laser Range Finders
Formanymilitaryapplications,uchasthedeliveryof unguidedbombs
andgunnery,it is essentialto be ableto measurerangeaccurately. Thereare
severalwaysinwhichthiscanbedone.Thetraditionalmethod,istouseanoptical
rangefinder.Thiseithermeasurestheanglesubtendedatadistantpointbya fixed
opticalbaseline,or measurestheanglesubtendedat theoperatorby a targetof
knownsize. In airbornesystemstheproblemis usuallycomplicatedby the
continuouslychangingeometrybetweentheaircraftandapointonthetarget,and
the impliedrequirementfor rapidmeasurementtechniques.By usingstandard
sensorswithintheaircraftsystem,therangebetweenaircraftandgroundtargetscan
be estimatedby knowingthealtitudeof theaircraftandthedepressionangle
betweenthehorizontalandalinetothetarget,orbymeasuringtherateof changeof
this angleandknowingtheaircraftvelocity. All thesemethodshavelimited
accuracyandmostof themarenoteasilyintegratedintoanyautomatedweapon
system.
A moresuitabletechniqueusedin conventionalradar,is to transmita pulseof
radiation.Afterreflectionandreception,thetimeof flightof thepulseis then
measured.Thisis adirectmeasurementof range.Unfortunately,microwaveradars
sufferlow performanceatlow grazingangles,whichoccursat levelflightat low
altitudes.In additionto this,landtargetsarerarelyisolatedfromotherreflectors
withintheradarbeamandthesegiveriseto spuriousreturnswhichcanleadto
rangingerrorsinconventionalradar.
To overcometheseeffectsconventionalradarsystemsrequiresophisticated
transmissionandreturnsignalprocessing.Lasers,on theotherhand,withtheir
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narrowbeamsofferan immediateadvantagewithsimplersignalprocessingand
bettertargetdefinition. They canalsoproduceveryshortpulseswhichgive
excellentrangeresolution(LtR).Rangeresolutionisgivenby:
D.R=cr/2 (A.1)
wherer = pulsewidth. For example,a pulsewidthof 10ns will givea range
resolutionofabout1.5metres.A particularlydemandingrangingapplicationwhich
hasreceivedconsiderableattentionandwhichillustratestheadvantagesof laser
ranging,is themeasurementof rangefroma highspeedlow-levelaircraftto a
groundtarget. Fig. A-I illustratesthe obviouserrorswhich can ariseover
undulatingroundowingtotheerrorinassessingthetrueaircraftotargetheight.
"
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MeasuredRange: RM =HbarolsinBor RM=Hrada't/sinB
TrueRange: RT = Htgt/sinB
Figure A-1. Rangingerrorobtainedby scaling aircraftheightmeasurements.
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Thechoiceof laserandreceiverforasystemwill depend,toalargeextent,uponthe
application.Generally,for rangefinders,the mostimportantparameteris the
maximumrangeofoperation.LaserRangefinders(LRF's)usuallyoperateatranges
between7 and15km. A considerablyargeoutputpoweris requiredto operate
muchbeyondthisrange.Earlysystemsusedrubylasersbutthesehavenowbeen
discontinuedin favourof thehigherefficiencypulsedNd:YAG systems.With
pulsedsystemshighoutputpower,of theorderof MW, is requiredsinceit is the
peakpoweroutputofeachpulsethatdeterminesthemaximumrange.Themajority
ofLRF's, in operationatthepresenttime,useanopticallypumpedNd:YAG laseras
thesourceofthetransmitterpower(A=1.064Ilm),buteye-safeEr:glass(A=1.550
Ilm)andCO2(A=1O.6Ilm)lasersystemsarealsobeingemployed.
Thearchitectureofa typicalLRF systemis shownin Fig.A-2 [1]. Thetransmitter
is showninFig.A-2 (a)andcontainsanelectro-opticallyQ-switchedlaser.
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FigureA-2. Typicalaserrangefinderarchitecture.
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Thistypeof lasercanoperateupto50ppsandproduceoutputpulseswithabout10
MW peakpowerandpulsewidthsof only10to 15ns. Thebeamdivergencefrom
thelasermaybeseveralmilliradiansandinordertoobtainaccuratetargetdefinition
asimplecollimatingtelescopehasbeenadded,whichwouldreducethistolessthat
1mrad.
FigureA-2 (b)showsatypicalLRF receiversystem.Theradiationscatteredfrom
thetargetis collectedbythereceiverwhichmaybea conventionalmirroror lens
system. The field of view is restrictedso thatit onlyjust encompassesthe
transmittedbeam,in ordertoreduceunwantedsignalsfromthenaturalillumination
of thetargetareaandalsoto improvethesecurityof theoverallsystem.The
receivercouldalsoincorporateanarrowpass-bandspectralfiltercentredonthelaser
wavelengthto furthereducethestandingbackgroundsignalwhichcontributesto
theoverallsystemnoise. The electronicsfor thereceiverareshownin block
diagramformandconsistoftwoparts:
ananaloguesection,whichamplifiesthereturnpulsewhilstretainingitsshape;
a digitalsection,whichperformslogicaltimingprocessesandcalculatesthe
range.
Multiplepulsereturnsareobtained,eitherbecausethebeamis scatteredby the
atmosphere,fromfoliagebetweenthetransmitterandtarget,or fromradiation
"spilling"overthetargetandhittingthebackground.In ordertoselecthecorrect
pulse,eitherfirstpulseorlastpulselogiccanbeused.Forair-to-groundoperations
atmosphericbackscatterandsightlineobscurationarethemostlikelyproblemsand
lastpulselogicis favoured.Afterselection,thecorrectpulseis fedtoa counting
circuitwhichdeterminesthetimeoftransmit,andhencetherange.
A.2 Target Designators and Guided Weapons
A LaserTargetDesignator(LTD) is anaccuratepointingsystemwhich
providesthepulsedlasersourceandtheprecisionopticsandstabilisationrequiredto
accuratelyshinealaserbeamonatarget.A LaserGuidedWepon(LGW)generates
anelectricsignal(photonsconvertedintoelectrons)whenlaserlightis receivedat
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thewavelengthandwiththepulsecodingoftheLTD system,consequentlyaportion
ofthelaserlightreflectingoffofthetargetis"visible"totheweapon.Thisprovides
signalson which the LGW can "home"towardthe targetby actuatingits
aerodynamicsurfaces.Obviously,thepointingaccuracyof the laseris most
important,asanylasererrordegradestheweaponaccuracy.In manyinstances,a
slightlymodifiedLRF (pulsecoding)servesadmirablyasatargetdesignator,andit
hastheaddedadvantageofsimultaneouslyprovidingslantrangetothetarget.
As alreadymentioned,theLGW (missileorbomb)doesnotfollowthebeamemitted
by thedesignator(aswithlaserbeamriders),butautomaticallytracksthesignal
reflectedfromthetarget.Currently,twodifferentLGW guidance"strategies"are
adopted:
Bang-bangguidance,in whichtheLGW onlysensesapositionerror,andthe
controlfinsaredrivento thelimitof theirtravel(generallyby high-pressure
gas),regardlessof themagnitudeof theerror(i.e.,thecontrolfinsareeitherat
thetrailpositionorfulldeflectionduringguidance);
Proportionalguidance,in whichtheLGW seekercontinuouslytracksthe
maximumof thereflectedlaserenergyandtheLGW computerdirectstowards
thetargetby actuatingtheweaponaerodynamicsurfaces,givingcommands
proportionaltothemeasuredoffset.
Dive,levelandlofttypesofattacksareallpossiblewithLaserGuidedBombs(LGB)
anda varietyof profileswouldbeavailablewithairborneLaserGuidedMissiles
(LGM). In general,two maincategoriesof attackswith LTD/LGW can be
distinguished:
SelfDesignationAttacks,in whichtheaircraftactsasilluminatorfortheown
carriedLGW andlaserilluminationis automaticallycontrolledby theLTD,
manuallycontrolledbytheWeaponSystemOperator(WSO),orbytheaircraft
computers(e.g.,usinga pre-plannedcounterto be chosenbetweenvarious
mutuallyexclusivepossibilities). An exampleof a typical LGW Self
DesignationmissionprofileisreportedinFigureA-3(a).
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Co-operativeDesignationAttacks,in whicha groundForwardAir Controller
(FAC) (oranaircraft)performilluminationwithanLTD fortheLGW carriedby
an(other)aircraft.Automaticsteeringfunctionsareoftenimplementedin co-
operativeprofiles.In thesecases,aircraftis forcedtopasstangenttotheTarget
LethalRange(TLR) accordingtopre-plannedsteeringlaws. Also in thiscase,
thelasercanbeoperatedbyapre-plannedcounterormanually.An exampleof
atypicalCo-operativemissionprofileisshowninFig.A-3(b).
SELF DESIGNATlON MISSION PROFILE
~__1
3 "
~-r-;~
1 - Approach phase
2 - LGW Release
3 - Escape manoeuvre
4 - Laser iliumination
5 - End of Attack
(a) SelfDesignationAttack.
CO-OPERATIVEMISSIONPROFILE,
2. 3
4 "
1-Approach
2 - Break-off
3 - Controlled turn
4- Laser
(b) Co-operativeAttack.
FigureA-3. LTD/LGWMission Profiles.
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A.3 Laser Radars
Laserradarscanbegroupedaccordingtothetypeofmeasurementmade
bythelaserradar,thedetectiontechnique,thetypeof interferometeremployedin a
coherentlaserradar(if appropriate),themodulationtechnique,thedemodulation
technique,thetypeof laserorthewavelengthof operation,thefunctionperformed,
thetypeofdatacollected,orthedataformat.In addition,laseradarcanbeclassed
asmonostaticorbistatic,dependingonwhetherit usesasingleaperturetotransmit
andto receiveor separateapertures.Someof thesegroupingsaresummarizedin
TableA-I [2].
Thenamegivento a particularsystemis seldomsufficiento completelyidentify
whatit doesandiscertainlynotsufficienttoidentifyhowwellitperforms.
As canbeseeninTableA-I, therearemanytypesof laseradars.Thevarietyfound
amonglaserradarsystemsis oneof theprimaryreasonsfor theirversatility.
Unfortunately,it can also createsomeconfusion. For example,wavelength-
dependenttechnologicalimitationsfrequentlyprevent simple parametric
extrapolationofperformancefromonetypeof systemtoanother.Theselimitations
canmakeroutineperformanceataonelaserwavelengthwellbeyondthestateofthe
art(andpossiblybeyondfundamentalphysicalimitations)atanotherwavelength.
Extremecaremustbeexercisedwhenextrapolatingtheperformanceof onetypeof
laseradartoanother.
The useof verywavelengthspecifictechnologyandcomponentsrepresentsa
significantdifferencefrompassiveopticalsystemsor conventionalradarsystems.
The availabilityof lasersourcesmakesonly a finite (andsmall)numberof
wavelengthspracticalalternativesforlaserradars.Passiveopticsandconventional
radars- RadioFrequency(RF) throughMillimeter-Wave(MMW) - canselecthe
wavebandto optimiseperformancewithoutmajorchangesin technology. Laser
radarsoftenmustchangetechnologiescompletely(e.g.,electricallypumpedgas
lasersversusopticallypumpedsolid-statelasers)to effectevensmallchangesin
operatingwavelength.
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TableA-1. Typesof Laser Radars.
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Typesof Lasers(Typical) CarrierWavelength
CO2 9.2 m-- 11.2 m
Er:YAG 2m
RamanShiftedNd:YAG 1.54 m
Nd:YAG 1,06 m
GaAlAs 0.8 m-- 0.904 m
HeNe 0.63 m
FrequencyDoubledNd:YAG 0.53 m
DetectionTechnique InterferometerType ModulationTechnique
DirectDetection NotApplicable Pulsed
AmplitudeModulation(AM)
CoherentDetection Heterodyne Pulsed
Homodyne Amplitude Modulation (AM)
OffsetHomodyne Frequency Modulation (FM)
Hybrid (AMlFM, Pulse Burst)
None(CW)
Functions Measurements
Tracking Amplitude
MovingTargetIndication(MIT)
(Reflectance)
MachineVision Range
(Timedelay)
Velocimetry
Velocity
WindShearDetection
(DopplerShiftordifferentialrange)
TargetIdentification AngularPosition
Imaging VibrationSpectra
VibrationSensing
The conceptof operationof a laserradar(LADAR) is identicalto thatof a
conventionalradar.Laserradartransmitsa signalthatis reflectedby a targetand
thencollectedby thelaserradarreceiver.Rangeto thetargetis determinedby
measuringtheround-triptimeof thereflectedlight. Radialvelocityof thetargetis
measuredbyeitherdeterminingtheDopplershiftofthereflectedlightorbymaking
two(ormore)rangemeasurementsandcalculatingtherateofchangeofrange.
In directdetectionlaseradar(Fig.A-4),thereceivedopticalenergyis focusedonto
a photosensitiveelementhatgeneratesa voltage(or current)thatis directly
proportionalto theopticalpowerthatstrikesit. This processis identicalto a
conventional,passiveopticalreceiveror to a typicallaserrangefinder(described
before).
Figure A-4. Block diagramof a direct detectionlaserradar.
A blockdiagram,ofatypicalheterodyne(orcoherent)detectionlaseradaris shown
in Fig.A-5. An opticalsignalis generatedbythetransmitterlaser.Thedivergence
andbeamdiameterof thisopticalsignalarethenmatchedtotherestof thesystem
by beam-shapingoptics. This matchingis optionalbecausesomesystemsare
designedto operatewiththeunmodifiedtransmitterlaserbeam.In a monostatic
system,thetransmittedlasersignalentersa transmit-to-receive(T/R) switch.The
T/R switchpermitsthelaserradartransmitterandreceiverto operatethrougha
commonopticalaperture.Thelaserradarsignalthenentersthebeamexpanderor
outputelescopeandthescanningopticsthatdirectheopticalsignaltothetarget.
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FigureA-5. Blockdiagramofa coherentdetectionlaserradar.
In a monostaticsystem,radiationreflectedfromthetargetis collectedby the
scanningopticsandthebeamexpander,whichnowactsasanopticalreceiver.The
T/R switchdirectsthereceivedradiationtoanopticalmixer,whereit is combined
withanopticalreferencesignal,whichis thelocaloscillator.Thecombinedsignal
is then focusedontoa photosensitivedetectorby the imagingoptics. The
photosensitivedetectorgeneratesanelectricalsignalin responseto thereceived
opticalsignal.Theelectricalsignalis thenhigh-passfilteredto removeanylow-
frequencycomponents,suchasthosefrombackgroundsourcesandfromthelocal
oscillator-induceddcsignal.Thehighfrequencycomponentsofthiselectricalsignal
containthetargetinformationobtainedbythelaserradar.Metricinformationis
thenextractedfromtheelectricalsignalbysignalanddataprocessors.
In a bistaticsystem,theT/R switchis omitted.A separatebeamexpanderand
scanningopticsarethendedicatedtothereceiver.Theremainderis identicalto a
monostaticsystem,aspreviouslydescribed.
An additionaldistinction,isbetweenconventionalheterodyner ceivers-requiringa
separatelasersourceto serveasthelocaloscillator-andhomodynereceivers,in
whichpartofthelaseradiationfromthetransmittersourceisalsousedasthelocal
oscillatorfor the receiver.Furthermore,offsethomodynereceivershavebeen
constructed,in whichthelocaloscillatorbeamportionisfrequencyshiftedfromthe
transmitterbeam.
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A.3.1 Airborne Laser Radar Applications
PossibleairborneLADAR applicationsincludethefollowing:
Aircraftguidance(obstacleavoidanceandterrainfollowing);
Tacticalimagingsystems(surveillanceandreconnaissance);
Windvelocitymeasurement(clearairturbulenceandseverestormsensor).
Someofthesepotentialapplicationsaredescribedinthefollowingparagraphs.
A.3.2 Airborne Surveillance and Reconnaissance
Lasersystemsofferseveraladvantagesoverthestandardphotographic
andmicrowaveradarmethodsforairbornesurveillanceandreconnaissance,suchas:
thehighopticalresolutionandsmallapertureassociatedwithphotographic
systemscanbemadeavailableduringbothnightandday;
passivebeaconsutilizingretro-reflectionareextremelyightandsmall,ofthe
orderofmillimetresi size;
bygatingthereceiver,therangetoscenecanbedeterminedandforeground
backscatterliminated.
Line-scansystemsusea narrowlaserbeamto scanthetargetarea. The return
energyisdetectedandthenrecordedinsynchronismonafilmortelevisionmonitor.
Gated-TV systemsfloodthetargetareawitha shortpulseof radiationandusean
imagetubewhichcanbeswitchedonjustbeforethearrivalof thereturnenergy.
Thisallowsarangedeterminationa dalsohelpstosuppressfalsereturnsfromhaze
or obstructionsin the foreground.Thesesystemscanbe usedfor night-time
operation,relativelycovertobservations,andusinga retro-reflector,for target
identification,searchandrescue,andlandingaids.
In thissectiontheuseof lasersandtheiradvantagesin airbornesurveillanceand
reconnaissanceapplicationswill bediscussed.
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A.3.2.1 Advantages of Laser Illumination
The shortwavelengthof laserradiationoffershigh resolutionwith
extremelysmallsizetransmittingor receivingapertures.Thediffraction-limited
propertyof a laserallowsconcentrationf theradiationin anareaof diameteras
smallasonecentimetrewitha10cmaperture.Althoughthisallowsilluminationof
a verysmalltargetarea,in practiceonewouldnormallyuselargerillumination
areas.Forcooperativetargets,theopticalwavelengthsofferextremelyefficientand
lightweightpassivebeaconsor retro-reflectors.Opticalretro-reflectorsfocusthe
returnsignalinto a verynarrowbeamandincreasethetargetreflection.For
exampleatriangularcorneretro-reflectorhasabackscattercross-sectiongivenby:
4Jl"a4
(j =3;{? (A.2)
wherea is theedgelength.Thusaretro-reflectorwithaonecentimetreedgelength
hasaneffectivebackscatterc oss-sectionf approximately400m2atawavelength
of 10.6Ilm. Thisis increasedtoapproximately4000m2ata wavelengthof 1.06
Ilm. Thissimplebeaconcapabilityis especiallyvaluableforco-operativetracking,
asalandingaid,forsearchandrescueoperations,andintargetidentification.
A.3.2.2 Systems and Applications
Therearetwobasictypesof systemswhichutilizelasersourcesfor
obtainingimagesfromanairborneplatform.Thesesystemsimplementline-scan
andgatedtelevisionmodes.In thefirstmethodanarrowlaserbeamis scannedover
thegroundandthereturnradiationmeasuredbyaspectrallyfilteredopticaldetector
onboardtheaircraft.InagatedTV systemthewholesceneis illuminatedbyashort
pulseof laserradiationandtheimagerecordedthrougha regularopticalsystem
excepthattheimagetubeis gatedsuchthatit onlyrecordsthereturnopticalimage
afterafinitedelaytime,determinedbytherangetothetargetarea.
The line-scanand gated-TV systemsoffer both complimentaryand unique
capabilitiescomparedwithnormalphotographyormicrowaveradar.For example,
comparedto normalphotography,theline-scansystemcanoperateon a 24 hour
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basissinceit suppliesitsownsourceof illumination.Side-lookingmicrowaveradar
alsohasafull-timecapabilityandhasamuchlargerareaofcoverage.However,the
limitingresolutionis far superiorfor lasersystems,whichis veryimportantin
certainapplications.In thecaseof thegated-TV system,againthenight-time
capabilityhasmarkedadvantagesoverphotography,andin addition,thegating
facilityallowspenetrationof hazewhennormalvisibilityis poor. All these
attributesofferdistinctadvantagesformanyformsof reconnaissance,althoughthe
specificgainsaredependentuponthemission.
Beyondthegeneraladvantagesforobtainingphotographicreconnaissanceaswellas
tacticalsurveillance,theuseof simplelightweightpassivebeaconsoffersseveral
advantagesin certaininstances,uchas:searchandrescueoperations,wherea
downedpilot is suppliedwith a tiny retro-reflectorto aid in location;target
identification,wheresuitablebeaconsmaybeusedtoidentifyfriendlytargets;and
landingaids,wheretheretro-reflectorscanactasmarkersforlandingstrips.
A.3.3 Obstacle Warning Systems
Lasershavealsofoundapplicationsin helpingtosolvetheproblemsof
verylow levelflightby militaryaircraft.Militaryaircraftadopthislow altitude
modeof flightin ordertoenhancetheirwar-zonepenetrationcapability.However,
flightatverylow levelsgreatlyincreasestheprobabilityof strikingtheterrainor
man-madeobstaclessuchaswires,poles,towersorbuildings.
Conventionalradarhasthecapabilitytoprovideaterrainfollowingmode;however,
it is inadequatefordevelopmenti toa reliableobstaclewarningsystem.Although
microwavesystemswerethefirst to be investigatedin an attempto develop
obstaclewarningsystems,theseinvestigationsrevealedthatsuchradarsarenot
suitableforthisapplication.Thenatureoftheinadequacyistwofold:
theresolutionof microwavewavelengthsresultsin averylowandinsufficient
energydensityatthetarget(obstacle);
atmicrowavefrequenciesmuchof theenergythatis incidentontheobstacleis
reflectedaccordingtoSnell'sLawandtherefore,unlessthebeamis incidenton
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theobstacleatverycloseto90degrees,theenergyis reflectedawayfromthe
receIver.
Foralaseradartobeeffectiveasaterrainfollowingandobstacleavoidancesystem
it mustmeetcertainoperationalcriteriaofperformance.Thesecriteriain turnwill
dictatethesystemdesign.
A.3.3.1 OperationalRequirementsforanOWS
In order to achievemissioneffectivenessin the presentthreat
environment,Westernmilitaryaircraftoperationshavefocusedon-terrainornap-of-
the-earthflying. Thisis thetacticof employingtheaircraftin suchamannerasto
utilizetheterrainprofiletoenhancesurvivabilitybydegradingtheenemy'sability
to visually,opticallyor electronicallydetector locatetheaircraft.Theradaris
requiredtomaintaintheaircraftflightatapresetaltitudeabovetheterrain.Since
theadoptionofthisphilosophy,theincidenceofobstaclestrikeaccidentshasgrown.
For an ObstacleWarningSystem(OWS) to be effectiveit mustmeetcertain
requirements.Thefirstandmostimportantrequirementis reliabledetectionof all
obstaclesatalmostall anglesof incidenceof radiationwithaveryhighprobability
of detectionandverylow falsealarmrate. By all obstacles,it is meanterrain
masses,buildings,poles,towers,powercablesandindeedanystructurewhichmay
poseahazardtolow,fastflyingaircraft.
Theneedfor a highprobabilityof detectionis obvioussincenoobstaclemustgo
undetected.A low falsealarmrateis requiredtopreventspuriouswarningsthat
wouldcausethepilotto increasehisaltitudewithoutrealneed,thusmakinghima
bettertarget.
Anotheroperationalrequirementis theminimumdetectionrange.Thiswill depend
upontheaircraftspeed,climbanglecapability(i.e.,verydifferentforhelicopterand
for airplaneplatforms),andpilotreactiontime. As anexample,for anairplane
flyingstraightandlevelat300m/secandallowingareasonablepilotreactiontime
andaircraftresponsetimeofbetweenfivetotenseconds,detectionrangesof about
two to threekilometresareadequate.For helicopterapplications,thisrangeis
generallyreducedbyanorderofmagnitudeormore.
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Thesystemshould,ideally,performall of itsrequiredfunctionsin allweather,day
andnight. In practicehowever,laserradiationis not capableof all weather
operationandthebestrade-offof systemcharacteristicsmustbelookedat.
A.3.4 AirborneWindVelocityMeasurements
Extremewindturbulenceis knownaswind-shearandthemostextreme
formofwind-shearis knownasamicroburst.Thesephenomenah vebeenblamed
forseveralaircraftaccidentsin thepastfewyears.Thedangeris in thefactthat,if
anaircraftfliesintowind-shearatlowaltitudeswithoutwarning,it lackstheheight
to allowthepilottocompensatefor thewaythechangein windspeedaffectsthe
aircraftflightpath.FigureA-6 [3]illustratesthewaythewinddirectionandspeed
changetopushanaircraftoffcourse.
FigureA-6. Thewind-shearproblem.
FederalAviationAdministrationAdvisoryCircularsin theUnitedStatesprovide
guidanceforpilotsonlow-levelwind-shearanddescribeit as:"A changein wind
directionand/orspeedin a veryshortdistancein theatmosphere".Thecirculars
notedthat,undercertainconditions,theatmosphereis capableof producingsome
dramaticshearsveryclosetotheground;forexamplewinddirectionchangesof 180
degreeswithspeedchangesof 50knotsormorewithin200ft of thegroundhave
beenobserved.
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A microburstlastsfora shortperiodof time,about15minutes,andoccursovera
distanceof abouthreetofourkilometres.Typically,thedowndraftin amicroburst
couldbe travellingat between2000to 5000ftlmin. Whenflying througha
microburst,heaircraftinitiallyencountersa headwindwhichlifts it aboveits
correctpath.Thepilot'snaturalreactionistobringtheaircraftbackontoitscorrect
pathby, for example,reducingenginethrust.Withina few secondstheaircraft
encountersa tailwindwhichwill taketheaircraftbelowits flightpath.Now the
aircraftneedsmorelift buttheenginethrusthasalreadybeenreducedandit will
taketheengineseveralsecondstorespondtoprovidemorepowerandthusproduce
therequiredlift. If thepilotis awareof thewindspeedin frontof theaircraftand
hassufficientwarningof impendingwind-shear,it is possibleforhimto takethe
necessarycorrectiveaction.
ConventionalDoppleradarshavebeenexperimentedformanyyearsendeavouring
tostudysuchatmosphericphenomenaasconvectiveclouddynamics,boundarylayer
kinematics,andturbulenceproperties[4]. Mostmeteorologicalradarsoperateat
wavelengthsbetween3 and10cm,thereforetheycanonlydetectparticlesof the
orderof a fewhundredmicronsin diameter.Theyareof littleusefor studying
atmosphericdynamicsin clear-airegionsandareusedprimarilyto detectsevere
storms. A more appropriateremotesensorfor providingclear-airwind
measurementsiscoherentlaserDoppleradar.
The methodsof sensingwind velocityusinga laserradarare basedon the
assumptionthataerosolsarefullyentrainedin theairmassmotioncausedbythe
wind. Thelaserprovidesanextremelybrightsourcewithanarrowspectralwidth
which,whenfocusedonanobject,cangivesufficientscatteredradiationtopermit
measurementof verylow velocitiesby meansof heterodynedetectionmethods.
ThisprocessistermedLaserDopplerVelocimetry(LDV).
LaserDopplersystemshavebeenunderesearchfor sometimeandthemainaim
initiallywastoprovidea systemtomakeremotemeasurementsof thewindsothat
verylargechanges(e.g.,wind-shear)couldbeidentified.Systemsarenowunder
developmentthatcanbe fittedintothenoseof anaircraftandcanbe usedto
measurethewindspeedin frontoftheaircraftwhereit is unaffectedbytheairflow
aroundthefuselageorwings.Furthermore,laserDopplersystemsthatcanmeasure
windspeedandwindchangesaccuratelycouldproveusefulinthedesignofanauto-
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throttlesystemthatwouldhelpto reducetheworkloadof thepilot. This system
couldbeusedonbothmilitaryandcivilianaircrafto improvesafety,particularly
duringtakeoffsandlandings.
A.3.5 Multi-Sensor Systems
Laserradar,whilebeingapowerfulsensorforairborneapplications,till
hasitslimitations.As anobstaclewarningoranattacksensoritsrangeis degraded
by adverseweather.Whenusedfor terrainflying,itsnarrowbeamwidthdoesnot
allowwidecoverageasdoesconventionalradar;consequently,it canonlybeused
asabackupsystem.However,aspartofamulti-sensorsystem,laseradarcouldbe
verypowerful.An exampleis thecombinationof a laserradarwitha Forward
LookingInfra-Red(FUR) sensorin a singlesystem.This solutionoffersnight
visionusingtheFUR withtheterrainflyingandobstacleavoidancecapabilitiesof
thelaser.
AntennaArray
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Figure A-7. Exampleof Multi-sensorSystem.
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Fig.A-7is anexampleofacombinedradarandelectronicsurveillancesystemwhich
couldperformfivedifferentfunctions:
passivelistening,forgatheringintelligenceonotheradarandtransmissionsover
awidefrequencyband;
laserobstacleavoidanceandterrainfollowingforcovertoperation;
primaryradarforuseinbadweatherorasacueingsystemforlaseradar;
passivedetectionforaccuratedeterminationf thebearingof jammersor other
radars;
real-timepassivenightvision.
The controlof thesefunctionswould obviouslyinvolvecomplexcomputer
processingwhichwouldrespondtothevariousoperationalsituations.Considerable
researchis currentlyunderwayaddressingtheproblemof lasersensorsintegrationi
airborneintegratednav-attack,recognisanceandelectronicwarfaresystems.
A.4 Directed Energy Weapons
The firstairborneDirectedEnergyWeapon(DEW) wastestedin the
mid-1970's,undera programcalledtheAirborneLaserLaboratory(ALL). The
testedlaserwasagasdynamicCO2system(400kW version)developedbyAVCO
Everettand,later,by UnitedTechnologiesin theU.S.. The ALL systemwas
installedonaKC-135aircraft,alongwithanelaboratebeamdirector.Theprogram
wastechnicallysuccessful(despitescheduleslippagesandanearlymissedshot),
andtheabilityofthesystemtoshootdownmissilesinflightwasdemonstrated[5].
In thelateseventies,furtherprogramswerefundedbytheU.S.Navy,convincedthat
thethreatof missileslaunchedagainsta flotillaof shipscouldbeminimisedby
shipborneDEW's. TheseeffortsresultedintheMIRACL laser,developedbyTRW,
andtheSeaLite BeamDirectordevelopedby Hughes.However,by thetime
MIRACL wasoperational,shipborneantimissilesandgunsprovedto bea more
attractivechoicedueto theirlowercostandmorematuretechnology.If DEW's
weretooexpensiveandcomplexforthedefenceoftacticalassets,thelogicfollowed
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thattheymightbeusedto "takeout"opponent'sstrategicmilitaryassets,suchas
satellites.
Althoughtheseearlyairborneandnon-airborneapplicationsdidnotreachthefinal
operationalstage,they servedto developseveraldifferentlasertechnologies
(primarilychemicalandfreeelectronlasers),whicharenowbeingusedin current
militarydevelopmentsandinawidediversityofcommercialpplications.
An airbornelaserDEW systemis nowbeingdevelopedin theV.S.. Thesystem,
namedABL ("Air BorneLaser"),usesahigh-energylasermountedonamodified
747-400Faircraftto shootdownheaterballisticmissilesin theirboostphase.
Particularly,a trackinglaserbeamilluminatesthemissile,andcomputersmeasure
thedistanceandcalculateitscourseanddirection.Afteracquiringandlockingonto
thetarget,a secondlaser(withweapons-classtrength)firesa3- to5-secondburst
fromaturretlocatedinthe747nose.Themissileisthendestroyedoverthelaunch
area.A pictorialrepresentationoftheABL operationconceptis showninFig.A-8.
Figure A-B. ABL conceptof operation.
The airbornelaserfiresa ChemicalOxygenIodineLaser,or COIL, whichwas
inventedatPhillipsLabin 1977.Thelaserfuelconsistsofthesamechemicalsfound
in hairbleachandDrano(hydrogenperoxideandpotassiumhydroxide)whichare
thencombinedwith chlorinegasandwater. The laseroperatesat an infrared
wavelengthof 1.315microns,whichis invisibletotheeye.By recyclingchemicals,
buildingwithplasticsandusingauniquecoolingprocess,theCOIL teamwasableto
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makethelaserlighterandmoreefficientwhile,at thesametime,increasingits
powerby400percentin fiveyears.Theflight-weightedABL moduleis similarin
performanceandpowerlevelsto themulti-hundredkilowattclassCOIL Baseline
DemonstrationLaser(BDL-2)moduledemonstratedbyTRW inAugust1996.As its
nameimplies,though,it is lighterandmorecompactthantheearlierversiondueto
theintegrationof advancedaerospacematerialsintothedesignof criticalhardware
components.For theoperationalABL system,severalmoduleshavebeenlinked
togetherinseriestoachieveABL requiredmegawatt-classpowerlevel.
Atmosphericturbulence,whichweakensandscattersthelaser'sbeam,isproducedby
fluctuationsin airtemperature(thesamephenomenonthatcausestarsto twinkle).
Adaptiveopticsreliesonadeformablemirror,sometimescalledarubbermirror,to
compensatefor tilt andphasedistortionsin theatmosphere.Themirrorhas341
actuatorsthatchangeatarateofabouta 1,000persecond.
TheAirborneLaseris a MajorV.S. DefenseAcquisitionProgram.Testingof the
lasermodulehasbeencompleted.The ProgramDefinitionandRisk Reduction
(PDRR) phase(detailedesign,integration,andtest)will culminatein a lethality
demonstrationi theyear2002. A follow-onEngineeringManufacturingand
Development/Production(EMD) effortcouldthenbeginin theearly2003time
frame.A fleetof fullyoperationalEMD systemsi intendedtosatisfyAir Combat
Command'sboost-phaseTheaterAir Defenserequirements.If all goesasplanned,a
fleetof sevenABLs shouldbeflyingoperationalmissionsby2008.
Performancer quirementsfortheAirborneLaserWeaponsSystemareestablished
bytheoperationalscenariosandsupportrequirementsdefinedbytheuser,V.S. Air
CombatCommand,andbymeasuredtargetvulnerabilitycharacteristicsprovidedby
theV.S. Air Forcelethalityandvulnerabilitycommunitycentredat thePhillips
Laboratory.TheABL PDRRProgramis supportedbyarobustechnologyinsertion
and risk reductionprogramto provideearlyconfidencethatscalingto EMD
performanceis feasible.Thetechnologyandconceptdesigneffortsprovidekey
answersto the PDRR designeffort in the areasof lethality,atmospheric
characterization,beamcontrol,aircraftsystemsintegration,and environmental
concerns.Theseeffortsarethesourceof necessarydataappliedto exit criteria
ensuringhigherandhigherlevelsof confidenceareprogressivelyreachedatkey
milestonesofthePDRRdevelopment.
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A.5 Airborne Laser DataLinks
Modembattlefieldstrategyis predicatedonknowingwheretheenemy's
(orpotentialenemy's)assetsorelocatedandtheiroperationalcapability.Thisvital
informationis constantlybeinggatheredandupdatedbyvariousground,space,and
airbornesensors.The requirementto sendeverincreasingamountsof tactical
militaryinformationbetweensensoraircraftand informationprocessingfacilities
hasbegunto pressthe limitsof presentairbornedatalinks,evenwhendata
compressiontechniquesareused.Therefore,utilizationofopticaldatalinksisbeing
consideredasapossiblesolution.
Thefeasibilityof laserairbornedatalinkswasdemonstratedin themid-80'sbythe
D.S. Air Force ResearchLaboratoryHAVE LACE (Laser Airborne
CommunicationsExperiment)Program.Thisprogramdevelopandtestedtwolaser
communicationsterminalsthatoperatedat 19.2kilobits/sec.Theterminalswere
testedusingtwoKC-135aircrafthatnominallyflewat20,000to 25,000feet(ft)
altitudeswithseparationdistancesoutto 160km. Themostsignificantresultofthe
HAVE LACE flightswasthedifficultyof initialsignalacquisitionbetweenthetwo
movingplatforms,sinceit hadtobeperformedmanually.However,oncesignal
acquisitionwasaccomplished,trackingprovedto berobustandcommunications
performancewasconsistentlymeasuredat10-6biterrorate(BER)orbetter.
SincetheHAVE LACE program,laserterminaldevelopmentanddatarateshave
improvedramatically.Therefore,variousresearchprogramshavebeenundertaken
in ordertofullyexploithepotentialsofthistechnology,mainlyforspaceborneand
airborneapplications.AnotherD.S. Air forceprogramis currentlyongoingto
developawidebandlaserdatalinkoperatingat810and852nm[6]. In September
1995,theprogramsuccessfullygrounddemonstrateda 1.1gigabitlsecondfull
duplexdatalink overa distanceof 150km (HawaiiIslands).Successively,the
systemusedin thegrounddemonstrationwasredesignedandinstalledin twojet
aircraftfor flightdemonstrationat distancesup to 500km. The demonstration
flights,performedin September1998,weresuccessfulandprovedtheabilityof the
systemtocommunicateintheupperatmosphereto500kmwithaBER of 10-6.The
testsalso provideddataon atmosphericattenuationand beamscintillation.
Furthermore,dataontheeffectsof aircraftairflowuponbeamsteeringwerealso
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collected.Thesedata,andtheinformationobtainedfromsimilardevelopments,are
nowbeingusedforotherlasercommunicationdevelopmentefforts(e.g.,anair-to-
spacecapability).
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B.1
Appendix B
LASER RANGE EQUA TION
AND SYSTEMS DETECTION PERFORMANCES
Laser Range Equation
Since the subjectof our discussionis electromagneticpropagation,the
microwaveradarrangeequationalsoappliesto lasersystems[1]:
where:
PR
Pr
Gr
a
a
Ka
R
A
D
Talm -
Tsys -
p =PrGr a Jl:D2R 2 x-x-xr r4Jl:R 4Jl:R2 4 aIm sys (B.I)
receivedsignalpower(W);
transmitterpower(W);
transmitterantennagain;
transmitterbeamwidth;
effectivetargetcrosssection(m2);
apertureilluminationconstant;
systemrangetotarget(m);
wavelength(m);
aperturediameter(m);
atmospherictransmissionfactor;
systemtransmissionfactor.
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Withlasersystems[2],thetransmitterantennagainis substitutedbytheaperturegain,
expressedbytheratioof thesteradiansolidangleof thetransmitterbeamwidth(a/ to
thatofthesolidangleofasphere,whichisequaltotherelation:
Gr =4lr/a2 (B.2)
For laserbeamwidthson theorderof I mrad,thetypicalaperturegainat laser
wavelengthsi about70 dB. In thefar field,we mayalsowritethetransmitter
beamwidthas:
a =KaA/D (B.3)
Substitutingtheaboveexpressionsfor transmitteraperturegain(B.2)andbeamwidth
(B.3),equation(B.I) becomes:
Pa-D4TafmTsysf
PR = 16R4A?K;
(inthefar-field) (BA)
Eq.(BA),obtainedfromthestandardradarange quation,appliesonlyinthefarfield
of theaperture.At typicalmicrowavebandsofA =I to 10-3m,thefar-fielddistances
arequiteshort,asshowninFig.B-1.Thefar-field(Fraunhofer)egionofanapertureis
typicallyconcernedwiththedistance2D2/A toinfinity;inthisvicinity,thegeneralised
range quationapplies.Insomecases,thefarfielddistanceoccurswithinthefeedhorn
assemblyof a microwaveantenna.As illustratedby thefigure,at A = 1.064J..tm
(Nd:YAGlaser),a 10cmaperturehasafar-field istanceofapproximately20km.As a
result,it is not unusualto operatein thenear-fieldof theopticalsystems;thus
modificationstotherangequationtoaccountfornear-fieldoperationisrequired.
Thisnear-fieldeffectmodifiesthebeamwidthsuchthat:
a=
(K;D)' +(K~A)' (B.5)
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Figure8-1. Far-fielddistanceversusA.for 1mand 10cmapertures.
B.2 Range Equation Dependenceon Target Area
Theeffectivetargetcross-sectionisdefinedas:
where:
Q
P
dA
4Jr
a=-pdA
Q
= scatteringsolidangleoftarget(sr);
= targetreflectivity;
= targetarea.
B-3
(B.6)
Bothspecularanddiffusereflectioncomponentsmaybeconsidered.However,in
practice,physiciststendto replaceQ with the valueassociatedwith the standard
scatteringdiffusetarget(Lambertiantarget)havinga solidangleof 1tsteradians.Thus,
eq.(B.6)reducesto:
(j= 4prdA (B.7)
The cross-sectionalareaof a laserbeamtransmittedby a circularaperturefroma
distanceR, isgivenby:
dA= JrR2er2
4
(B.8)
Dependingon the target-laserspot relativedimensionswe may distinguishthree
differentypesof targets:extended,pointandlineartargets.Thevariousformsof the
laser rangeequationapplicableto thesethree casesare given in the following
paragraphs.
8.2.1 ExtendedTarget
For anextendedtarget(Fig.B-1),all incidentradiationis involvedin the
reflectionprocess.Thus,foranextendedLambertiantargetwehave:
(j =1r.ptR2£)2exl UT (B.9)
Hence,usingeq.(BA), wehave:
2
trPT pD "aIm"51s
PR = 16R2 (B.I0)
Therefore,withnarrowlaserbeams,wemayhaveaninverserangesquaredependency
of therangeperformanceobtainedwitha certaintarget,comparedto thestandard
inversefourthpowerofrangedependencyofmicrowavesystems.
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Target
illumination
Figure B-2. Extended Target.
8.2.2 Linear Target
A lineartarget,suchasawire(Fig.B-3),canhavea lengthlargerthanthe
illuminatedareabutasmallerwidth(d). Foratypicaldiffuse(Lambertian)wiretarget,
thetargetcross-sectionmaybeshowntobeapproximately:
(Ywire= 4PwireRBd (B.II)
ReT
t
d
illumination
FigureB-3. LinearTarget.
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Therefore,therangequationbecomes:
PTa wiredD3 T armT sysP =
R 4R3J.Ka
(B.12)
8.2.3 Point Target
ForaLambertiandiffusepointtarget(Fig.B-4),thecrosssectionbecomes:
apt=4prdA (B.13)
Target
illumination
Figure8-4. Point Target.
Substitutingthepointtargetcrosssectionintherangeequationgives:
PR = PTpdAD4
4R4 Ka 2}.;' TsysTatm
(B .14)
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B.3 Receiver DetectionTechniques
Fig.B-5showsdiagramsrelativeto incoherentdetection(ID) andcoherent
detection(CD)receivers[2]. ID receiversatopticalwavelengthsaresimilartovideo
radiometerseceivers(i.e.,envelopedetectorsatmicrowavewavelengths).However,
opticalreceivershaveanadditionaltermbesidesthesignalterm(PSIG),theoptical
backgroundpower (PBK)which is dueto undesiredsignalssuchas sunlight,cloud
reflections,flares,etc.. Thereceivedopticalpower,aftersuitablefiltering,is appliedto
theopticaldetector.Squarelaw detectionthenoccurs,producinga videobandwidth
electricalsignal.
The coherentdetectionreceiveris similarto theincoherent;however,a portionof the
lasersignalifo), is coupledto theopticaldetectorvia beamsplitters.As a result,the
opticaldetectorhasthelocaloscillatorpower(PLO)in additionto thereceivedsignal
power(PSIG),andthecompetingbackgroundterms(PBK)'
PS1G OPTICAL
FILTER
OPTICAL
DETECTOR
RECEIVER
AMPLIFIER
ELECTRONIC
FILTERPBK
PS1G .. OPTICAL
DETECTOR
RECEIVER
AMPLIFIER
ELECTRONIC
FILTERPBK ..
To Transmitter
Optics
Figure8-5. Laserreceiversystems.
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B.4 Background Noise Terms
Noise termsin an optical receiverare not the sameconsideredin the
microwavereceivers. Particularly,backgroundnoise in optical receiversincludes
reflectionsof signalsfromtheearth,thesun,theatmosphere,clouds,oranyothersource
thatconstitutesanundesiredsignalto thereceiver.Signal-inducednoiserefersto the
noisecausedby thereceiversignalitselfcomingintothedetector.Also thereceived
signalcausesa noiseto be generated.This noiseis calledquantumnoise(Poisson)
becauseit is inducedbythesignalwhenthesignalexists.
Thefollowingequationsarethoseassociatedwithcalculatingtheamountofbackground
radiationthatmaybeincidentuponareceiver[2]:
BlackbodvRadiation
c:kT4LtAQRAR
PRR = 17sys17ATM
Tt:
(8.15)
Solar Backscatter
PSR=k/SIRRLtAQRP17sYSAR (8.16)
AtmosphericSolarScatter
PNS=k/SIRRLtAQRIS17sYSAR (8.17)
where:
c: = targetemissivity;
= targetreflectivity;P
T = temperatureCOK);
LtA = opticalbadwidth(~m);
AR - receiverarea(m2);
k{ = fractionof solarradiationpenetratingEarth'satmosphere;
SIRR = solarirradiance(W/m2_~m);
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Is - atmosphericscattercoefficient;
T/SYS= systemopticalefficiency;
.oR = solidangleoverwhichenergyradiatesfromradiatingbody;
- Stefan-Boltzmannco stant(5.67xlO-12W cm-2°K-4).(Jr
8.5 SNR Expression Development
In general,thesignal-to-noiseratio (SNR) of a laserradarsystemcan be
expressedintheform[2]:
.2
ISIG
2 .2
SNR =.2 .2 +i2 +iDK+IwISH + ITH BK
(B.18)
where:
i~IG = meansquaresignalcurrent;
.2
ISH - meansquareshotnoisecurrent;
.2
ITH = meansquarethermalnoisecurrent;
.2
IBK - meansquarebackgroundnoisecurrent;
i;K = meansquaredarknoisecurrent;
.2
Iw - meansquarelocaloscillatornoisecurrent(CD systemsonly).
Themeansquaredbackgroundnoisetermmaybeexpressedas:
i~K =2qPBKpiB (B.19)
where:
q - electroncharge(1.602xlO-19Coulombs);
PSK = backgroundpower(W);
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B= currentresponsivity(A/W);
= electronicbandwidth(Hz).
Pi
Shotnoiseis dueto fluctuationsin thedetectoroutputcausedby therandomarrivalof
signalphotons.Themeansquareshotnoisecurrentis givenby:
.2
lSN=2qPS1GP;B02 (B.20)
whereG isthedetectorgain.
In theabsenceof photonsatthedetector,thereis a currentflowing,termedthedetector
darkcurrent(IDK).Themeansquaredarkcurrentermineq.(B.18)is givenby:
i~N=2qI DKB (B.21)
Thethermalnoisecurrentermcanbeexpressedas:
.2 4kTBNF
ITH =
RL
(B.22)
where:
NF = receivernoisefactor;
k = Boltzmann'sconstant(1.39xlO-23lIOK);
= detectorloadresistance.RL
For coherentdetectionsystems,assumingthata photovoltaicdetectoris employed,the
localoscillatorinducednoiseis givenby:
iio =2qPwp;B (B.23)
wherePLOisthelocaloscillatorpower.
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For a photoconductordetector,an additional noise term, called generation-
recombinationoise(i~R)'canarise:
i~R= 4qp;(Pw + PS1G)B (B.24)
Thesignalcurrent,forincoherentandcoherentsystems,isdeterminedas:
. - 17DqPS1GGincoherent
lSIG- hi
(8.25)
17DqPSIGGcoherent
iSIG= hi
(8.26)
where17Dis thedetectorquantumefficiency.
8.6 Incoherent and Coherent DetectionComparison
Consideringthevariousreceivernoiseandsignalterms,twoformsof the
SNR equationcanbeobtained,forincoherentandcoherentdetectionsystems.These
twoequationsarepresentedbelow[2].
Incoherentdetection
SNR= 17DPWPS1G
/if[2B(PS1G +PBK )]+K;(PDK+PTH)
(B.27)
Coherentdetection
SNR= 17DPWPS1G
hjB(Pw+PSIG+PBK)+KiPDK +PTH)
(8.28)
where:
17D detectorquantumefficiency;
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and:
Pi
D*
Ad
q
Planck'sconstant(6.626x 10-34);
transmissionfrequency;
electronicbandwidth;
receivedsignalpower;
backgroundpower;
equivalentdarkcurrentpower=AdB/(D*)2;
4kTBNF
equivalentreceiverthermalnoise=- R
referencelocaloscillatorpower;
Boltzmann'sconstant(1.39xlO-23lIOK);
receivertemperature(290OK);
receivernoisefigure;
resistance;
17d/p/ ;
hi/2qp,
detectorcurrentresponsivity(AlW);
specificdetectivity(cm-Hzl/2/W);
detectorarea(cm2);
electroncharge(1.6x10-19Coulombs).
The SNR for theincoherentsystemhasthereceivedsignalpowersquaredin its
numerator,andhasa summationof noisetermsassociatedwiththereturnsignal,the
backgroundsignal,thedarkcurrent,andthethermalnoiseof thereceiverin the
denominator.Thereturnedsignalpowerandthebackgroundpowerareincludedas
noisesourcesin thedetectionprocessbecauseof therandomphotonarrivalrate
(Poissonnoise). In thecoherentdetectionsystem,thelocaloscillatorpoweris an
additionalsourceof noise(comparedto theincoherentsystem),andthenumeratoris
relatedto theproductof thereceivedsignalpowerandthelocaloscillatorpower. The
localoscillatorpoweris veryimportantin thedetectionprocess;here,it maybe
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h
I
B
PS1G
PBK
PDK
PTH
PLO
k
T
NF
RL =
Ki
KJ
increasedso thatit overwhelmsall of theothernoisesources.As a result,the local
oscillatorpower in the denominatorcancelsout the local oscillatorpower in the
numerator;theSNR is directlyproportionaltothereceivedsignalpower,ratherthanto
the receivedsignalpower squared(as with the incoherentsystem). Additionally,
becausethelocaloscillatorpowerbecomesthepredominantnoisesource,thecoherent
detectionsystemtypicallyis backgroundimmune,sinceonly signalsthatarephase
coherentwiththelocaloscillatorareefficientlydetected.
For coherentdetectionwherethelocaloscillatorpoweris increasedto provideshot-
noise-limitedoperationof thereceiver,theSNR expressionfor coherentdetection
reducesto:
.2
SNR=lSIG - 17DPS1G
i~- hjB
or SNR=17DES1G
hf
(B.29)
whereES1Gis thereceivedsignalenergy,B is thematchedfilterbandwidth(B=1fT)and
SNR representshenumberof detectedphotonsif 17D= 1.
Forabackgroundnoise-limitedincoherentreceiver,eq.(B.27)becomes:
SNR = 17DP~G
2hifBPBK
(B.30)
Fig. B-6 [2], illustratesthereferencetransmitterpowerversusSNR relationshipfor
coherentandincoherentdetectionlaserradarsystemsusinga 100-nspulsewidth,with
- - -20 * - 10cm.vHz /"A - -
17D-0.5,hf - 1.9x 10 Joules,D - 2 x 10 , ...;Ad- 0.03cm,Pi - 4 A/WW
andR = 1 kQ, atA = 10.6/lm. It maybeobservedthatastheSNR requirement
increases,thetransmitterpowerofthecoherentsystemincreaseslinearly,andthatofthe
incoherentsystemincreasesas the squareroot. In the limit, incoherentdetection
systemsapproachthesensitivityof coherentsystemsforverylargeSNRs. For atypical
SNR requirementof 100(20dB),thecoherentsystemis seento havea 30-dBincreased
sensitivityoverthatof anincoherentsystem.
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FigureB-6. TransmitterpowerversusSNR for coherentand incoherentdetection.
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ExamplesoftheseresultsareshowninFig.9-37.
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Fig. 9-37. Performanceanalysisresults.
9.5 LOAS Flight Test Campaigns
LOAS systemflighttrialswereperformedusingtwodifferenttestplatforms:NH-
300andAB-212helicopters.Fig.9-38showstheLOAS prototypesystemusedforthe
flighttrials.Particularly,theLOAS sub-unitsareshowninFig.9-38(a),whiletheSensor
HeadUnit(SHU)andpilotinterfaceunitsareshowninFig.9-38(b).
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(a)
..
(b)
Figure9-38.LOAS prototypeusedin thetrials.
Fig.9-39showstheLOAS installedonthefirsttesthelicopter(NH-300).
Display Unit
(for test)
Sensor Head Unit
Control Panel Unit
Figure 9-39.LOAS prototypeunitsinstalledon theNH-300helicopter.
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Fig.9-40showstheLOASSHUmountedonthesecondtesthelicopter(AB-212).
~
~
t';.
.,..- "1>.1
Figure 9-40.LOAS SHU installedon theAB-212helicopter.
TheCockpitDisplayUnit(CDU)usedfortheAB-212flighttrialsis shownin Figure9-
41(a).AsshowninFigure18-b,theLOASCDU wasinstalledinthecenteroftheAB-212
glareshield,inordertobeaccessibletobothpilotandco-pilot.
(a) (b)
Figure 9-41.LOAS DisplayUnitinstalledon theAB-212helicopter.
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FortheAB-212testcampaign,theLOASControlUnit(LCU)wasinstalledatthecentreof
thehelicoptermiddle-consolle(inapositionaccessibletobothpilotandco-pilot),asshown
inFig.9-42.
Figure9-42. LOAS controlunitinstalledonAB-212.
For thetrials,varioustypesof well characterisedcables(withdifferentsectionsand
physicalcharacteristics)whereused,in conjunctionwith suitablesustainingpoles.
Furthermore,fivedifferent'slices'of terrainwereidentifiedin thetestrange,usefulfor
performingadedicatedassessmentof theLOAS surfacerenderingcapability.In orderto
obtainaccurategeodeticoordinatesoftheterraindatumpoints,DGPSstaticsurveyswere
performedattherange.Consequently,a3-Dreferencegridwasproducedforcomparison
withtheLOAS3-Dterrainprofiledata.
Duringthetestflights,a flighttestengineeroperateda computer,linkedto theLOAS
systemanddisplayinginreal-timethe3-dimensional(3-D)imagesreconstructedusingthe
LOASdata(Fig.9-43).All imageswererecordedforthesuccessivedataanalysis.
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Figure 9-43.LOAS 3-Ddisplayformat(flighttestengineer).
The resultsof thetestcampaignswereverysatisfactory.Particularly,the LOAS range
performanceswerein accordancewiththepredictionsobtainedwithmathematicalmodels
(seechapter9). Furthermore,the basicLOAS detection/classificationdataprocessing
algorithmswere validated,althougha fine tuningof someprocessingparameterswas
required. Furthermore,it was verifiedthatthe LOAS "History Function"and Impact
WamingFunction(IWF) werecorrectlyimplemented.
Futuretestswill be performedin orderto furtherassesstheLOAS systemperformance
(sensorandprocessingalgorithms)in day/nightwith variousweather/environmental
conditionsandtooptimisethesystemhumanmachineinterfaces.Particularly,startingin
June2004,adedicatedflighttestactivitywill becarriedoutin ordertoassesstheLOAS
systemperformancefor futureinstallationon theItalianNH-90TTHlNFH helicopters.
Thisactivitywill becarriedoutusinganAB-412test-bedhelicopter.Thetrialswill be
addressedto LOAS performanceverificationin various(reference)obstaclescenariosand
with variousweatherconditions,andto verythevalidityof theHumanMachineInterface
(HMI) beingdevelopedfortheNH-90helicopter.A schemerelativetothecurrentstatusof
theLOAS customisationfor ItalianNH-90 helicopters(TTH andNFH versions)is shown
inFig.9-44.
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ChaDter 10
MISSION ANAL YSIS AND SIMULA TION
10.1 General
This chapteris dedicatedto thesimulationtoolsdevelopeduringthe
PILASTER program,especiallyin theareasof eye-safetyandsystemperformance
analysis.Thetheoreticalndempiricalmodelsdescribedin thepreviouschapters
wereusedin thesoftwareprograms,allowinga completedefinitionof test/training
lasermissionconstraintsandoperationalfeasibility,togetherwithpost-missiondata
analysis.Theassumptionsadoptedfor implementationf thevariousmathematical
algorithmsin thePC simulation/analysisprogramsarepresentedin thischapter,
togetherwithresultsofsomerelevantsimulationrunsperformed.Thechaptercloses
withsomeconcludingremarks.
10.2 Eye-safetyVerificationPrograms
A discussionaboutthe key-parametersconsideredfor lasersafety
analysiswas presentedin chapter6, togetherwith descriptionof the relevant
geometricelementsof typicalALS/GLS operationaltasks,andanunderlineof the
safetyverificationalgorithmsdevelopedforthevariouscases.In thisparagraph,we
detailthevariousassumptionsadoptedfor implementingtwo MATLABTMEye-
safetyVerificationPrograms(EVP) for bothALS (A-EVP) andGLS (G-EVP)
systems.Furthermore,theresultsof simulationsarepresented,relativetotheELOP
PLD groundLTD andto a typicalairborneLTD system(theThompsonCLTD
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technicalcharacteristicsare not presentedue to militaryclassification),for
operationatthePILASTER testrange.
10.2.1 A-EVPandG-EVPSimulationAssumptions
The followingassumptionswereadoptedfor implementationf the
A-EVP andG-EVPprograms:
. The reflectim!surface(BZ) is perfectlyplanar; this assumptionis
conservativeinthecaseof convexsurfaceslayingwithintheBZ (thesewould
in factdetermineanincreaseof divergencewithconsequentreductionof the
energydensityattheobserverlocation);while,inthecaseofconcavesurfaces,
it isextremelyimprobablethatheirpresenceintheBZ candeterminefocusing
(reductionofdivergence)ofthelaserbeam.
. Thelaserbeamreflectionis totallyspecular;thisassumptionisconservative
from a safetypointof view,becausetheenergydensityof a specularly
reflectedlaserbeamis alwaysgreaterthanin therealcase.This is because
reflectionfrom any practicalsurfaceis alwayscharacterisedby the co-
hesitanceof twocomponents:adiffusecomponentanda specularcomponent,
eachmoreor lessimportantdependingonthephysicalcharacteristicsof the
reflectingsurface.
. For theA-SVP theentireA-BZ isconsideredasaspeculareflector;thisis
aconservativeassumptionforeye-safetyucalculations.Moreover,considering
theentireBZ astheactualreflector,thepresenceof anyreflectingmaterial
insidetheBZ is not relevantfor safety(i.e.,objectsremovalisnotrequired
withintheBZ,butonlyevacuationofthegroundpersonnel).
. For theG-SVP thetareetsurfaceisconsideredasadiffusereflector;thisis
aconditionthatwasimposedwhendesigningthePILASTER targets.
. Atmosphericattenuationof the laser beam is not considered;this
assumptionimpliesthattheentireenergyemittedby theLTD reachesthe
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observerlocation. This is obviouslya conservativeassumption,since
atmosphericabsorptionandscatteringeffectsareneglected.
The NOHD is calculatedfor directvisionof a Gaussianlaserbeam. The.
assumptionof directvisionis conservative,sincetheobserveris assumedto
lookdirectlyatthelasersource,insteadof areflectedbeam;whileaGaussian
distributionof thelaserbeamis applicablein practiceformostALS systems
(e.g.,ThompsonCLDP).
. Allowanceis madefor atmosDhericscintillationeffects;thisassumptionis
conservativeas it implies,in the absenceof Cn measurements,that
OHDs=2.662.NOHD .
. For theA-SVP a si!mificantinstabilityof thesystemLOS is considered.
BothintheTRACK andintheSLAVE modesofoperationof theA-LTD, the
pointof itersectioinof theLOS withthegroundis notfixed. Basedondata
relativetovariousrealA-LTD systems,themaximuminstabilitywasassumed
tobe20min SLAVE modeand4minTRACK mode.
Moreover,it is consideredthatno mae:nifvine:instrumentsare used in thetest
range(i.e.,theNOHD canbeusedinsteadof theEOHD). This is notproperlyan
assumption,sinceaprohibitioncanbeimposedbytherangeauthorities(aslongas
cinetheodolitesare not required;in whicheventproperfilteringmeasuresare
essential).
10.2.2 A-EVP Airborne L TD Simulation
Theprobabilitiesof hazardouseventsduringrealmissions,fora typical
airbornelasertargetdesignator(A-LTD)arepresentedinTable10-1(seealsoTables
6-1and6-2 in chapter6). For completenessof information,a descriptionof the
missionslistedinthetable,isgivebelow:
. Ferry flie:ht,is a transfermissionin whichtheWSOdoesnotuseanyof the
LTD operatingmodesandtheWSOcontrolpanelis intheSAFEposition;
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. DRY attack,is a simulatedattackmission(withoutactivationof thelaser
FIRE mode),carriedoutwiththeWSOcontrolpanelintheSAFEposition;
. HOT attack,is a realattackmission(withorwithoutactualbombdropping),
inwhichalloperationalmodesoftheLTD areused.
As indicatedinTable10-2,duringHOT/DRYattackscarriedoutinthetestrange,it
is essentialthathetarget(eitherhardorsoft)isvisuallyacquiredbytheWSOandit
is desirablethattheclearancefor firingthelaseris obtainedby a LaserSafety
Officer,monitoringatagroundcontrolstation(connectedwiththeaircraftroughan
encryptedvideotelemetrysystem)thecorrectpointingofthesystemLOS.
Table10-1.Theprobabilitiesofhazardouseventsduringrealmissions.
Usingthedatain Table10-2,relativeto themaintechnicalcharacteristicsof a
genericairbornelasertargetdesignator(A-LTD) system(technicaldatarelativeto
theCLDP arenotpresentedduetomilitaryclassification),togetherwithdataalready
presentedinTables6-1,6-2and10-1(relativetothesamegenericA-LTD), wegive
anexampleofapracticalapplicationoftheEVP simulationprogramdescribedinthe
previousparagraphs.
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MISSION OperativeConditions L TDModes HazardProbability
FerryFlight NA LTD ON! PSAFE-+FIRE=7E-6
LaserFIRE
DRY Attack Controlledrangetarget, LTD ON! PROT*PSAFE-+FIRE=1.4E-9
(intherange) visuallyacquired TRACK-SLAVE!
LaserSAFE
HOT Attack Controlledrangetarget, LTD ON! PRoT=2E-6
(intherange) visuallyacquired TRACK-SLAVE!
LaserFIRE
DRY Attack Targetvisuallyacquired LTD ON! PSAFE-+FIRE=7E-4
(outsiderange) LaserSAFE
HOT Attack
(outsiderange) NOT POSSIBLE INANY CONDITION
TheMPEp(i.e.,MPE forasinglepulse)is0.05J/m2.Therefore,withthepreviously
statedassumptions,theNOHD equatesto 7679m (i.e.,about25200ft), andthe
OHDsto20426m. Thismeansthat,intheabsenceof scintillationeffects(i.e.,low
turbulence),theHA doesnotexistaslongastheaircraftis flyingatanaltitude
higherthan25200ft (incaseof turbulence,therequiredaircraftaltitudexceedsthe
tangentialtitudeofanyexistingmilitaryaircraft!).
Table10-2.A-L TDdesign characteristics.
In orderto carryoutmissionsat loweraltitudes,thehazardprobabilitiesgivenin
Table10-1,havetobeaccepted.Forinstance,if themaximumacceptablerisklevel
is associatedwitha probabilityof hazardouseventof 1E-5,all missionscanbe
carriedout,withexceptionforDRY/HOTattacksoutsidethetestrange.If, however,
theprobabilitylevelis setto 1E-8,noneof themissionsis possible,with the
exceptionofDRY attacksinsidethetestrange.
Simulationresultsrelativeto theaircraftflightlimitationsduringlaserfiring(i.e.,
minimumandmaximumdistanceof theaircraftfromthetarget)applicableto the
PILASTER rangewitha maximumevacuationareaof 4.3km radiusaroundthe
targetlocation(A-EBZ),areshownin Fig. 10-1and10-2. Thetoleranceof the
aircraftheightis :t100ft.Theground-speedlowerlimitis 250kts. It is underlined
thatno restrictionstotheaircrafttrajectoryareappliedin thehorizontalplane.
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Wavelength 1064nm
BeamDiameter 60mm
BeamDivergence 0.2mrad
OutputEnergy 100mJ
PulseDuration 10.9sec
PulseRepetitionRate 13Hz
MaxLOSMisalignment SLAVEmode:40m
TRACKmode:4m
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Figure 10-1.A-LTD TRACK modesimulationresults.
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Figure 10-2.A-L TDSLA VE modesimulationresults.
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10.2.3 G-EVP ELOP-PLD Simulation Results
TheELOP-PLD GroundLTD (G-LTD) systemtechnicalcharacteristics
relevanttoeye-safetyarelistedinTable10-3.
Table10-3. ELOP-PLD technicalcharacheteristics.
Sincethedivergencewasspecifiedat80%oftotalouputenergy,thelie divergence
requiredforsafetycalculationswasobtainedusingthefollowingequation:
tP1/e = tP'1 (10.1)
where([J17is thegivendivergence(([J17=0.13mrad)and11is therelativepercentage
oftotalenergy(i.e.,17=0.8).FortheELOP-PLD,weobtained([J]/e=0.102mrad.
TheNOHD andOHDScalculatedforPRF =10Hz(usedforLGB) andforvarious
timesofexposure(TE),areshowninFig.10-3.
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Parameter Value
Wavelength 1064nm
OutputEnergy 130mJ
BeamDivergence 130/ffad(80%of theoutputenergy)
Pulse Duration 19nsec
BeamOutputDiameter 90mm
Maximumlaser/LOSMisalignment 80J.lrad
LaserPRF 10or20Hz
NOHDedQDHspel'il.GLTD
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Figure 10-3. ELOP-PLD ocular hazarddistances.
Taking into accountthe experimentalresultsobtainedduring the ground
experimentalctivitiesperformedwith theELOP-PLD, togetherwith temporary
scintillationphenomenain thepresenceof highturbulence(i.e., Cn~2.43.10-7),
remarkableandveryfrequentspreadingeffectswhereobserved,especiallyfor long
LTD-to-targetslantranges.InordertoaccountforthisintheELOP-PLDeyesafety
calculations,theBZE describedin chapter6 (andnottheNOHD) wascalculated
consideringthemaximummeasuredlaserspotdivergence(calculatedfromspot
diametermeasurements)geometricdivergenceof theELOP-PLD systems(c[Jejf-
0.25mrad)insteadof thelie divergence(c[Jl/e=0.102mrad).
Fig. 10-4 shows the curves relativeto the maximumLTD-target slant-ranges
admitted(withvarioushorizontalincidenceangles),calculatedin accordancewith
theG-LTD safetyverificationproceduren° 1 describedin chapter6, considering
varioustargetsurfacedimensions.Particularly,thePILASTER permanentand
modulartargetsdimensionshavebeenconsidered(i.e.,10x1Om and9.76x7.925m
10-8
respectively),togetherwith thePILASTER modulartargetsquaresections(i.e.,
dimensionsof7.32x7.32m,4.88x4.88mand2.44x2.44m).
MaximumGLTD-TargetRange-PROCEDUREn°1-
2500
Incidenceangle.(°)
Figure 10-4. MaximumELOP-PLD range vs. incidenceangle (Proceduren° 1).
Fig. 10-5showsthe curvesrelativeto the maximumLTD-targetslant-ranges
admitted(vs incidenceangle),calculatedin accordancewith the G-LTD safety
verificationproceduren°4describedinchapter6(i.e.,PILASTER NIR-camerareal-
timemonitoring),consideringthevariousPILASTER targetsdimensions.
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Figure10-5.MaximumELOP-PLDrangevs.incidenceangle(Proceduren°4).
Togetherwith slant-rangerestrictions,G-LTD safetyproceduresn° 1 andn° 4
(describedin charter6) also includeazimuthrestrictionswhenthe G-LTD is
positionedatanelevatedlocationwithrespectto thetarget.Takingintoaccount
bothslant-rangeandazimuthrestrictions(knowingthemaximumaltitudedifference
hmoxbetweenthetargetandtheG-LTD locations),theG-EVPprogramcomputedthe
PILASTER areaswherelaserfiringwith theELOP-PLD waspermitted(SPA).
Theseareas,identifiedasSafePositioningAreas(SPA),calculatedwiththeG-EVP
programforbothproceduren° 1 andn°4, aresummarisedin Fig. 10-6andin the
Tables10-4and10-5.
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ELOP-PLD SAFE POSITIONINGAREAS
TargetNormal
E
D
C
B
Target
Symbols:
THE ELOP-PLD SPA IS GIVEN
BY THE CIRCLES (IN THE PILASTER
RANGE), WITH THE RESTRICTIONS IN
SYSTEM-TARGET RELATIVE ALTITUDE
GIVEN BY hMAXANDIN AZIMUTH
GIVEN BY THE ANGLE rp
Figure10-6.G-EVPoutput- safepositioningareas.
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-*- Target10x 10m
-+- Target9.76x 7.92m
-+- Target7.32x 7.32m
-.A- Target4.88x4.88m
-.- Target2.44 x2.44m
Proceduren°1 Proceduren°4
A 500m A 3500m
B 1000m B 7200m
C 1550m C 10900m
D 2050m D 14600m
E 2100m E 15000m
n.a.~ notavailable
Table 10-4. G-EVP output-azimuthlimitationsforproceduren°4.
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Procedure n° 4 -rp(°)
d(m) hMAX (m) rMI,r=10m rMIN=7.925m rMIN=7.32m rMIN=4.88m rMIN=2.44m
100 50 2 3 3 3 5
200 150 4 4 4 5 10
300 250 4 6 6 8 13
400 250 7 4 4 7 12
500 250 7 5 5 6 12
600 250 8 5 5 7 14
700 250 11 5 6 8 16
800 250 9 6 6 9 16
900 250 7 6 7 10 18
1000 250 8 7 7 10 19
1500 250 8 9 10 14 28
2000 250 10 12 13 18 37
2500 250 12 14 15 22 47
3000 250 13 17 18 27 60
3500 250 15 19 21 31 81
4000 250 17 22 23 36 n.a.
4500 250 19 24 26 40 n.a.
5000 250 21 27 29 45 n.a.
5500 250 23 29 32 51 n.a.
6000 250 25 32 35 58 n.a.
7000 250 30 38 42 76 n.a.
8000 250 34 44 49 n.a. n.a.
9000 250 39 51 57 n.a. n.a.
10000 250 43 59 68 n.a. n.a.
n.a. ~notavailable
Table10-5. G-EVP output-azimuthlimitationsforproceduren°1.
SomeexamplesofELOP-PLD safepositioningareasrelativetotheproceduresn° 1
andn°4,plottedonthePILASTER groundrangemapareaareshownin theFigs.
10-7through10-10.
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Procedure n° 1-rp(°)
d(m) hMAX(m) rMIN=10m rMIN=7.925m rMIN=7.32m rMIN=4.88m rMIN=2.44m
100 50 5 5 6 9 16
200 150 10 11 13 19 38
300 250 13 15 17 24 51
400 250 15 19 20 31 79
500 250 17 20 23 33 n.a.
600 250 18 23 25 38 n.a.
700 250 21 26 28 45 n.a.
800 250 23 29 32 52 n.a.
900 250 26 33 36 60 n.a.
1000 250 28 37 40 71 n.a.
1500 250 43 59 68 n.a. n.a.
2000 250 63 n.a. n.a. n.a. n.a.
r ~r . ~. r . .
~
F~u~1~~ Proceduren° 1- PILASTERSPA forrmin=7.32m, maximumPLD-targetSR =
400mandmaximumrelativealtitudedifferencehmax=250m.
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Figure10-8. Proceduren°4- PILASTERSPA forrmin= 4.88 m,maximumPLD-targetSR =4
km and maximumrelative altitudedifferencehmax=250m.
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Figure 10-9. Proceduren° 1- PILASTER SPA for rmin=10m,maximumPLD-targetSR =1
km and maximumrelative altitudedifferencehmax=250m.
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Figure 10-10. Proceduren°4- PILASTERSPA forrmin=10m,anyPLD-targetSR in therange
areaand maximumrelative altitudedifferencehmax=250m.
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10.3 RangePerformancePredictionProgram(RP3)
In thefollowingparagraphstheRangePerformancePredictionProgram
(RP3)is described.TheRP3programwasimplementedusingthemodelsdescribed
in chapter3, withthecorrectionstotheESLM propagationmodelpresentedin the
chapters9 and10. Futureversionsof theprogramwill be refinedwith further
experimentalresults(LPDB).
10.3.1 RP3 Simulation Assumptions
The following general
implementationftheRP3program:
assumptionshave been adopted for
. The Elder-Strone:-Lane:er-Middleton(ESLM) modelis usedto calculate
theatmosphericattenuationcoefficient.Correctionsareadoptedaccordingto
theresultspresentedinchapter9and10;
. TheESLM-LOWTRAN Modelis usedtocalculatescatterine:duetorain.
Correctionsareadoptedaccordingtotheresultspresentedinchapter9;
. The outputlaserbeamis assumedGaussian.A realisticassumptionfor
mostLTD currentlyinservice;
. Diffraction.Utterandspreadine:arenotconsidered,assuminganaverage
irradianceatthetargetalsohavingaGaussiandistribution;
. The tare:etreflectine:surfaceis assumedplanar and extended; this
assumptionis acceptableconsideringtherelativedimensionsof thelaser
beamandmostargetsofpracticalinterest;
Furthermore,eitherthe tare:etdirectionalreflectivity(diffuseand specular
reflectioncomponents)computedfrom BRDF dataor the diffusereflectivity
componentcanbeusedforRP3performancealculations.
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10.3.2 RP3SimulationResults
With the assumptionsdescribedabove,we calculatedthe range
performanceof a particularLTD/LGB combination,usingthedatagivenin Table
10-6. Thesedataarereferredto genericLTD andLGB systemsoperatingat a
wavelengthof1.064Ilm.
LGB
FOV 18°
MDPD 3 IlW/m2
Table10-6.LTD/LGBcombinationcharacteristics.
UsingtheRP3program,weevaluatedtheperformanceof thisparticularLTD/LGB
combinationi acertainoperationalscenario,withdifferentatmosphericconditions.
Furthermore,withthesameatmosphericconditions,wecalculatedtheperformance
of thesystemswhenusedagainsttargetwithdifferentgeometries(i.e.,themaximum
distanceoftheilluminatingaircraftforaneffectivedesignation).
Thecurvesshownin theFigs.10-11through10-16describetherangeperformance
of theconsideredA-LTD/LGB combination,withdifferentvaluesofvisibility(V) in
theabsenceof rain.TheRP3inputdataincluded,togetherwithparametersin Table
10-6,therelativehumidity(RH)whichwassetto 100%ata temperature(T) of 30
QC,and the targetreflectivitywhichwas assumedto be 10%(with a purely
Lambertiandistribution).
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LTD
Beam Diameter 60mm
Beam Divergence 0.2 mrad
Wavelength 1.064 Ilm
Pick Energy 100 mJ
Pulse Duration 10-8sec
In eachgraph,therangeLTD-targetis givenasa functionof therangeLGB-target
andafamilyofcurveshasbeentracedfordifferentorientationsofthetargetoverthe
horizon(i.e.,differentvaluesoftheanglesQt(MAX)andQr(MAX)).
Usingthecurvesit is possibleto determinewhetheror not theattackcanbe
performedwithacertainestimatedminimumilluminationtime.Giventheweapon
initialconditions(Le.,velocityandtrajectory)beforedesignationis initiated,it is
possibletoestimatethedesignationtime,takingintoaccountthetimerequiredbythe
LGW fromtheseinitialconditionstostabilisetowardsthetarget(Le.,guidedweapon
ballistics).If theguidancealgorithmsareunknownit ispossibletoroughlyestimate
thedesignationtimebyassumingastraighttrajectoryofthebombtowardsthetarget
anda velocityin the final portionof its dropcorrespondentto themaximum
theoreticalvelocityoftheweapon.Withtheseassumptions,theminimumtheoretical
rangeLGB-targetbeforedesignationcanbeplottedin thegraphsandconsequently
themaximumrangeof theaircraftatthebeginningof thedesignationis determined.
Obviously,whenthisrangeis lessthantheTargetLethalRange(TLR), theattack
cannotbeperformedsuccessfully.
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Figure10-11.LTD/LGB rangeperformanceforV=12km.
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Fig. 10-13. L TD/LGB rangeperformancefor V=8 km.
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Fig. 10-15.LTD/LGB rangeperformanceforV=4 km.
10-22
Range Performance -V =2 km
FOV =18°,RH =100%,Ref.=0.1
6000
0
0
5000
~4000
Cl
I-
~ 3000
c:n
c:
co
c::: 2000
1000
Fig. 10-16.LTD/LGB rangeperformanceforV=2km.
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Figure 10-17. L TD/LGB rangeperformancewithworstcasegeometry.
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Forinstance,assumingamaximumLGB velocityofabout800ft/secandaminimum
designationtimeof 12sec,thedistanceLGB-targetbeforedesignationshouldnot
exceed3 km,foraneffectiveguidance.Plottingthisvaluein Fig.10-17,wenotice
thatin theworstgeometriconditionstherangeLTD-target(illuminator-target)a
thebeginningof thedesignationis belowthemeteorologicalr nge(i.e.,about2 km
for v= 4 km). For V~ 10km,laserilluminationcanbeperformedformadistance
comparableto(or,theoretically,evengraterthan)themeteorologicalr nge.
10.4 Remarks
FromtheALS/GLSeye-safetyandperformanceanalysisworkdescribed
throughoutthisthesis,andconsideringtheresultsof theEVP andRP3 simulations
performed,thefollowingimportantconclusionsweredrawn:
. Bothfor ALS andfor GLS systems,it is essentialto definethemaximum
acceptableriskthresholds(i.e.,maximumadmittedprobabilitiesof inadvertent
hazardousevents),beforetest/trainingmissionscanbeperformedattheranges.
. ALS HOT attackmissionsarenotallowedoutsidecontrolledtestranges(in
whichadequatepersonnelvacuationmeasureshavebeenadopted).
. ALS FerryFlightsandDRY attackmissionsshouldbeperformedwithout
electricalconnectionof theLDP lasersystem,in orderto avoidanypossible
risk.
. For executionof FerryFlightsandDRY attachmissionswithanALS system
powered,it is essentialto identifya (national)authority,eithermilitaryor
civilian,abletosetthemaximumacceptableriskthresholds.
. During test/trainingmissionswith ALS/GLS, cine-theodolitesand other
magnifyinginstrumentscan not be usedat the rangeswithoutadequate
filtering.
. With typicalA-LTD/LGB combinations,in dry-airconditionsandvisibility
greaterthan4km,laserilluminationcanbeperformedsuccessfullywiththeA-
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LTD carryingaircraftflyingataslant-rangeformthetargetnotexceedingthe
meteorologicalr nge.
. With rain conditions,there is a considerablereductionof the range
performance,limitingthe operationaluse of most practicalLTD/LGB
combinationstothecaseswherethemeteorologicalrangeisgreaterthan4km.
10.5 ALS Mission Planning Program(ALS-MPP)
As discussedin thepreviouschapters,predictionof lasersystems
performancer quiresappropriateknowledgeof targetsignatures(e.g.,reflectivity,
BRDF/LCS), backgroundcharacteristics,atmosphericattenuation,hardware
performance( .g.,detectors,pointing/trackingandFOV), missiongeometry(e.g.,
masking,lasergrazingangle,aircraftandtargetmotion)and,in somecases,human
operatorperformance( .g.,targetsearchandacquisitionwithTV/FUR aids,manual
laserfiring,etc.).Furthermore,formissionplanningpurposes,it is alsoimportantto
takeintoaccounteye-safetyissues(especiallyfor testandtrainingactivitieswith
ALS systems).Thekernelofa Java simulationprogramforacompleteanalysisof
ALS systemsperformanceand missionplanning(test/trainingan operational
missions),weredevelopeduringthisresearch.Particularly,theALS-MPP kernelis
composedof variousclasses,dividedintothreemaingroups:classesrelativetothe
attackgeometryandrangeperformancemodel,classesrelativetoatmosphericlaser
beampropagation,andclassesrelativeto theeye-safetyanalysis. The various
classesweredesignedwiththeaimof developinga modular,flexible,andeasily
modifiablekernel. The kernelcodewith explanationsof the variousclasses
implemented,arepresentedinAppendixF.
10.5.1 Future Developments
TheALS-MPP inputandoutputinterfaceshavenotbeenfinalisedjet,
althougha processin currentlyongoingfor developingtheprograminterfacesin
accordancewithItAF OperationalSquadronsrequirements.Thecurrentstatusofthe
ALS-MPP inputinterface(UP-I) is illustratedin theFigs. 10-18through10-23.
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Currently,thelIP-I is composedbyvariousdatainputpanelsandaglobalmenufor
managingthesimulation.Thefirstpanel('Meteo'),shownin Fig. 10-18,allowsto
input the relevantweatherparameters(i.e., rain type,absolutehumidityand
visibility).
Humid/ttI
10
""
~r
Visibiljy
..
..
Figure 10-18.ALS-MPP lIP-I panel'Meteo'.
Thesecondpanel('Attack')is relativeto theattackparameters(Fig. 10-19).The
combinedwindow(Le.,'kindof attack')allowsselectionof 'dive','loft',or 'level'
attackprofiles.Thesub-panels'Altitude'and'PreferredDirections'permitoinput
specificgeometricconstraintsforthesimulatedmission.
Figure 10-19.ALS-MPP lIP-I panel 'Attack'.
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Thepanel'Illumination'includeselectionofthetypeofattack(Le.,self-designation
or co-operative)and,in caseof a co-operativeattack,thedesiredtrajectoryof the
'spiker'aircraft(Fig.10-20).
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Figure10-20.ALS-MPP I/P-I panel 'Illumination'.
Thefourthpanel('Bomb/POD')allowsdefinitionof theLOB andA-LTD aircraft
configurations,withautomaticselection(froma dedicatedlibrary)of therelative
maskingmatrixes(Fig.10-21).
;;> J:j.MPP Inp-~t-Data u m__- ..- --- --- -" if
t ; \\\t\l r~-
.. About'i 'Bat I'
Figure10-21.ALS-MPP I/P-I panel 'Bomb/POD'.
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Thepanel'Laser'is availableforinputoftherelevantA-LTD laserparameters(Fig.
10-22).
I
RI Beam,D~rgence
Figure 10-22.ALS-MPP liP-I panel 'Laser'.
Thelastpanelis dedicatedtothetargetdescriptioni termsofposition,orientation,
dimensionsandmaterial.A combinedwindowis alsoavailableforselectionof the
typeof coordinatestobeused.In theabsenceof accurateLCS orBRDF data,the
programusesa libraryof diffusereflectancedataassociatedtotheselectabletarget
materials.
Figure10-23.ALS-MPP liP-I panel 'Target'.
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-----.------------------------------------------------------------
Examplesof thecurrentALS-MPP outputinterfaces(DIP-I) areillustratedin the
Figs.10-24through10-27.
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Figure 10-24.ALS-MPP simulationOIP-IIVertical Profile' (V-P).
v-pL~pll Power I t~~~~~==;J
;"
>:-
A
_/- >;=>;= '==r
I
f
,
~
I
~.. r
.
l-
-lfIt
~ ~ ~I ~-Exit=1
Figure10-25.ALS-MPPsimulationOIP-IIHorizontalProfile'(H-P).
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Figure 10-27.ALS-MPP eye-safetyanalysis OIP-1for 'Mode-1'(M-1).
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Fig. 10-28showsexamplesof theALS-MPP 3-Dvisualisationtool,whichis now
beingdevelopedbasedon!tAFOperationalSquadronsrequirements.
Figure 10-28.ALS-MPP 3-DsimulationOIP-I.
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ChaDter11
CONCLUSIONS AND FURTHER WORK
This thesishasdescribedtheresearchworkperformedfordesigning,developing
andtestinganewlasertestandtrainingrangefortheItalianAir Force. Aftertheinitial
feasibilitystudies,theactualresearchwork startedbackin 1998,whenthe ItalianAir
Force Official Flight Test Centre(ItAF-OTC) settherequirementsfor upgradingthe
PISQ test/trainingrange(PoligonoInterforzedel Saltodi Quirra- Sardinia- Italy),
addingnewfacilitiesfor carryingoutsafetrainingandexperimentalctivitieswith
airborneandgroundlasersystems,togetherwithLGW deliverytests.Accordingto
theseinitialrequirements,hePILASTER (PISQ LASerTestandEvaluationRange)
developmentprogramwasdividedintwodifferentphases.Theaimofthefirstphaseof
theprogram(1999-2002)wastoprovideaninitialoperationalcapabilityforcarrying
out,in fullysafeconditions,groundtestsandflightexperimentalactivities(withrelated
measurementsandsemi-automateddataanalysis),requiredfor performancevaluation
of militarylasersystems.Thesuccessivephaseof theprogram(nowongoing)is aimed
to implementingthePILASTER full operationalcapability,requiredforperformingall
lasertest/trainingactivities,includingall missionplanningandfully-automatedpost-
missiondataanalysistasks.
11.1 Conclusions
ThePILASTERprogramincludedthedesignofnewrangeinstrumentationand
facilities,developmentof innovativemethodsfor militarysystemsperformance
prediction/evaluationanddeterminationf eye-safetyrequirementsforemploymentof
groundandairbornelasersystemsatthelaserrange(duringbothexperimentalnd
trainingactivities),togetherwithextensivelaboratory,groundandflighttestactivities
withstate-of-the-artg ound/airbornelasersystemsandweapons.
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In this research,presentlasertechnologystatusandfuturetechnologytrendswere
investigated,with particularemphasisfor the systemsnow in serviceor under
developmentfor theItalianAir Force(i.e.,theThompsonCLDP laserpod,theELOP
PLD system,PAVEWA Y 11,PAVEWA Y III and Lizard LGB's, andthe Marconi-
SeleniaLOAS systemfor helicopters).Dueto theneedfor 'realistic'simulationand
missionplanning,togetherwith reliablepost-missiondataanalysisat thePILASTER
range,variousmathematicalmodelsweredevelopedfor ground/airbornelasersystems
performanceanalysis.Theseincluded:
. Suitableformsoftherangequationforlasersystems.
Atmosphericlaserbeampropagationmodels..
. Laserscatteringandtargetcross-sectionmodels.
Air-to-groundmissionsgeometricmodels..
The technicalrequirementsof the PILASTER rangeinstrumentationwere defined.
Particularly,theserequirementsincluded:
. PILASTERconceptofoperation.
PILASTERflight/groundtestrequirements.
PILASTERtrainingrequirements(real/simulatedattacks).
PILASTER systemsrequirements,includingsensors/systems,real-timeandpost-
processingdataanalysis,fixedanddestroyable/recoverablet rg ts,meteorological
.
.
.
sensors,andremotecontrolroomrequirements.
. PILASTER growthpotentials.
Furthermore,thedetailedesigncharacteristicsof thePILASTER LaserTrackingand
MonitoringSystem(LTM) andtargetsweredefined,includingthefollowing:
. PILASTER LaserSensorTrackingandMeasurementUnit(STU),constitutedby
IR/TV cameras,processingunits,sensorarrays,LAN/WAN units,etc.,locatedin
proximityof thePILASTER targets.
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. PILASTERMonitoringandControlStationUnit(MSU),composedbyallsystems
requiredfor real-timeandpost-processingdatadisplay,togetherwith remote
controlof the STU systems(i.e.,LAN/WAN units, MSU computer,GPS/FTI
receivers,communicationsystems,etc.).
. PILASTER LTM functionalmodes(i.e.,alignment/calibrationm de,BITE mode,
operationalmodeanddatatransfermode).
. Weathermonitoringequipment,includingthe sensors/systemsrequiredfor
measuringand recordingrelativehumidity,pressure,temperature,stateof
.
turbulence,rainfall-rate,windspeedandwinddirection.
PILASTEROGPSbasedtimeandspacepositioninformation(TSPI)system.
. Softwarefor laserspotdatatrackingandanalysis,includingthePILASTER
extinctionmeasurementtechniques.
. PILASTER Fast-recoverableTarget(FRCT), FixedTarget(FXDT) and IR
ReferenceTarget(IREF).
Very importantfor thePILASTER developmentwasalsodefinitionof eye-safety
criteriandprocedures,sincemostof currentlasersystemsoperateinthenearinfrared,
withconsiderableriskforthenakedhumaneye.Therefore,safetyissuesweredeeply
analysedin thelightof theoperationalrequirementsfor groundandairbornelaser
systems,andsuitablealgorithms/proceduresweredevelopedforcalculationof ground
lasersafetyareasandaircraftflightprofilerestrictions(airbornesystems)forbothtest
andtrainingmissions.Theseincludedthefollowing:
. ModelsforAirborneLaserSystem(ALS) safetyareascalculations:beamhazard
area(A-BHA),bufferzone(A-BZ)andextendedbufferzone(A-EBZ).
. AlgorithmsforaccountingaircraftdynamicsinA-EBZ calculations.
Algorithmsfordeterminingaircraftenveloperestrictions,withacertainpredefined.
.
A-EBZ(evacuationarea).
ModelsforGroundLaserSystem(GLS)safetyareas:beamhazardarea(G-BHA),
bufferzone(G-BZ)andextendedbufferzone(G-EBZ).
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. ModelsforcalculatingtheeffectiveG-BZ(BZE)withvariousGLS-targetLOS
geometries(horizontalnd/orverticalmisalignment).
. Proceduresfor GLS safetyat thePILASTER range,alsousingthereal-time
informationprovidedbythePILASTERLTM sensorsandsystems.
Extensivelaboratory,groundandflightexperimentalactivitieswereperformedwith
bothgroundandairbornelasersystemsin orderto testthevariousPILASTER laser
rangesystemsandto validate/refinethemodelsdevelopedfor systemsperformance
analysisandsimulation.Furthermore,theLOAS systemwastestedbothontheground
andin flight,in ordertoassessthesystemobstacledetectionperformancein various
weatherconditions,andthe efficiencyof the algorithmsdevelopedfor obstacle
classificationandtrajectoryoptimisation.
Laboratoryexperimentalactivitiesperformedduring this researchincluded the
following:
. DeterminationfLGW seekersdetectionthresholds.
. Measurementsof urface/paintsreflectionproperties.
PILASTERsensorstestingandcalibration..
. LOAS lasersystemtesting.
Test of PILASTER protectionfilters and eye-wears(cinetheodolites,ground.
personnelandaircrew).
Determinationof LGW seekerMinimumDetectablePowerDensity(MDPD) and
measurementsof surfacereflectionpropertiesat laserwavelengthswereessentialfor
predictingrealisticrangeperformanceofbothgroundandairbornelasersystems,aswell
as for aircraftactics(flightprofile)optimisation,PILASTER rangeinitialdesign
activities(i.e.,target-STDgeometry,targetcharacteristics,ensorsoptimisation,etc.),
analysisof flight/groundtest dataand assessmentof trainingexerciseswith laser
systems.
Determinationfmaterials/paintsscatteringpropertiesincludedspectralreflectanceand
BidirectionalReflectanceDistributionFunction(BRDF)measurements.Thesamples
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forscatteringmeasurementswereselectedinordertoallowanappropriatechoiceofthe
paintstobeusedforthePILASTERtargets,andalsotogatherusefuldataregardingthe
reflectivepropertiesofmaterialsnormallyencounteredintheoperationalemploymentof
lasersystems.
Groundexperimentsperformedduringthisresearchincluded:
. NearInfrared(NIR) laserbeamatmosphericpropagationmeasurements(A=1064
nmand,1=1550nm);
. LTD/LRFsystemspointingaccuracytests;
Systemsharmonisationa dperformanceevaluationtrialsoftheSTUand(D)GPS.
.
componentsofthePILASTERsystem;
DedicatedgroundtrialswiththeLOAS systemin orderto assessitsdetection
performance(invariousweatherconditions),andto initiallyverifythereliability
oftheobstacleclassificationalgorithms.
FlighttestactivitiesperformedaspartofthePILASTERdevelopmentproject,included
thefollowing:
. Propagationmeasurementsi obliqueair-to-groundpaths(A=1064nm);
CLDPpointingaccuracymeasurements;.
. CLDPlaserbeamdiametermeasurementsforlongair-to-groundpaths.
DifferentialGPS(DGPS)MB-3339Cflighttrials;.
. DGPSTORNADO-IDSflighttrials.
LOASpreliminarytrialsonNH-300helicopter;.
. LOAStrialsonAB-212helicopter.
Particularly,the PILASTER systemsweretestedduringgroundand flight trials
(includingrealair-to-groundmissions),allowingsensorsitecalibration,progressive
improvementsof theSTU andMSU hardwarecomponentsandrefinementsof thedata
acquisition/analysissoftwaretools.
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Furthermore,with the PILASTER systemsin their operationalconfiguration,
atmosphericextinctionmeasurementswereperformedwiththegeometriestypicalof
groundesignationa dair-to-groundmissions(Le.,obliquelaserpaths),andcorrection
factorsfortheESLM atmosphericpropagationmodelsweredeterminedinconditionsof
greatoperationalsignificanceandin variousweatherconditions(Le.,hazy,clearand
rainyweatherconditions).Pointingaccuracies(fromgeometricandenergyspot
measurements)ofvariousgroundLRF/LTDsystemsandoftheCLDPweredetermined,
andlaserspotdistortionmeasurementswereperformedwiththeELOP-PLDsystem.
TheDGPSgroundandflighttestcampaignswereperformedwiththeaimof selectinga
suitablePositionReferenceSystemforbothexperimentalandtrainingactivities(Le.,
real-timeandpost-flightmissiontrajectorydataanalysis).Aftercomparativeevaluation
of variousoff-the-shelfsystems,theASHTECHXII receiversandtheASHTECHP-
NAV softwarewereselectedforuseatthePILASTERrange.Furthermore,duringthe
TORNADO-IDSflighttestactivity,theaircraftenvelopelimitationsassociatedwiththe
useoftheASHTECHXII airborneGPS(applicableduringactivitieswithairbornelaser
systems)weredetermined.
TheLOAS groundandflighttestactivitiesallowedtoverifythefunctionalityof the
systemin a representativeoperationalenvironmentandtoassessthesystemdetection
performancewithvariousweatherconditions/obstaclesandtheefficiencyoftheobstacle
classificationlprioritisationlgorithms.
Finally,thegeneralrequirementsfor bothtacticalandtest/trainingmissionplanning
weredetermined,togetherwithspecificrequirementsforPILASTER testandtraining
post-missiondataanalysistasks.Particularly,takingintoaccounttheresultsof the
variouslaboratory,field and flightexperimentalctivitiesperformed,the kernel
algorithmsof thePILASTER computerprogramsfor ground/airbornelasersystems
performancepredictionand eye-safetyanalysiswere progressivelyrefined.
Furthermore,dedicatedsimulationtoolsweredevelopedforaircraftflightprofileand
lasersystemsemploymentoptimisationi bothoperationalndtest/trainingmissions.
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11.2 Further Work
Althoughthe work done for this thesishas fully achievedthe goals of
designingthePILASTER rangeinstrumentationandfacilities,developinginnovative
methodsformilitarysystemsperformanceprediction/evaluationa deye-safetyanalysis
for ground/airbornelasersystemsat the laserrange(duringboth experimentaland
trainingactivities),anddefiningthe requirementsfor bothtacticalandtest/training
missionplanning,thereis stilla largeamountof furtherworkthatwill followfromthis
thesis.This sectiongivessomedirectionsforfurtherwork.
. Continueperforminglaserbeampropagationtests.
Duringthe futurePILASTER groundandflight experimentalactivities,NIR
laserbeampropagationeffectswill beinvestigated,withparticularemphasisfor
themeasurementof atmosphericextinction.Performingfurthertestsin thisarea
(with NIR lasersbut also with MlR/FIR lasersourceswhen available),is
requiredin orderto improvethereliabilityof theempiricalmodelscurrently
usedforpropagationanalysisin bothdry-airandrainyconditions(i.e.,corrected
ESLM modelsfor absorptionandscattering).Particularly,it is believedthata
statisticalapproach,makinguseof thePILASTER LaserPropagationDataBase
(LPDB), wouldbewellsuitedforaprogressiverefinementof theESLM models.
. Exploretheeffectsofatmosphericturbulence.
During the futurePILASTER groundand flight experimentalactivities,the
effectsof turbulenceon atmosphericlaserbeampropagationwill be studied.
Particularly,usinghorizontalandverticalturbulence(Cn),wind,temperatureand
humidityprofiles,theeffectsof turbulenceon horizontalandoblique/vertical
pathspropagationwill bebetterunderstoodandmodelled.
11-7
- -u---uu
- - - --U- -- --nn__-
. Improvemissionplanningandpost-missionanalysistools.
Basedontheachievementsof thisresearch,thecurrentphaseof thePILASTER
program(plannedto becompletedin May-June2004)is aimedat implementing
therangefull operationalcapability,requiredforperformingall lasertest/training
activities,includingall missionplanningandfully-automatedpost-missiondata
analysistasks. DuringtheforthcomingPILASTER experimentalctivities,the
missionplanningandpost-missionanalysistoolsdevelopeduringthisresearch,
will befurthertestedandimproved.
. Furtherinvestigateobliqueandverticalpathpropagation.
Duringthisresearch,theCLDP/TORNADO-IDS flighttrialswerealsousedfor
obtainingexperimentaldataregardingthevariationsof theattenuationcoefficient
at A = 1064nm as a functionof altitude. Particularly,the decreaseof
atmosphericextinctionwasdeterminedforvariousobliqueslant-paths(i.e.,~ =
50°,40°,30°and20°)andaltitudesvaryingbetween7000and22000ftAGL. It
mustbeconsidered,however,thatthefunctionsrelativetothevariousgrazing
anglesarerepresentativeof theexperimentaldatatrendsonlyin thealtitude
intervalswherethedatawerecollected.Furthermore,theexperimentalflight
sortieswerecarriedoutonlyinclearweatherwithsimilarvaluesof therelevant
meteorologicalparametersmeasuredon theground(i.e.,visibility,relative
humidityandtemperature).Therefore,it is possiblethatusingthesefunctions
beyondtherespectivealtitudeintervalsandin differentweatherconditionsmay
notprovidereliablepredictionsoftheattenuationcoefficient.
In ordertoobtainaccurateandreliablepredictionsoftheattenuationcoefficient
variationswithaltitude,requiredforperformancedataanalysisandsimulation
purposesatthePILASTERrange,it isessentialtoperformfurtherflighttrials,in
appropriatemeteorologicalandoperationalscenarios,includingrepresentative
weatherconditionsandwiderportionsof theTORNADO-IDS/CLDP operational
flightenvelopes.
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iTH= /4K ~Bk1 S-
RL
(8.43)
iDK =0.5.10-12 (8.44)
iRA =1.5.10-12 (8.45)
where:
Ps
Ph
= receivedsolarpower
- amplifiergain
MA
k
= avalancemultiplier
= noisefactoroftheavalancephotodiode
B = electronicbandwidth
= Boltzmannconstant(1.39xI0-23lIOK)KB
TK = absolutet mperature(OK)
= amplifierloadresistanceRL
Thefollowingcharacteristicsweredefinedfora 'wiretype'obstacleaccordingtoLOAS
operationalrequirements:
Diameter: 5 mm ;S;Dw ;S;70 mm
twistedorroundShape:
Reflection: Purelydiffuse(Lambertian)
~20%(B=0)Reflectivity:
Thereferenceenvironmentalp rametersweresetasfollows:
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Visibility: V 800m
Humidity: RH;S;100%
Temperature: T;S;50°C
Rain: Light/MediumlHeavy
Background: PB =50 W/m2sr J.!m
Forcalculationpurposes,theiSIG(R,B)termin eq.(8.40),wasmodelledas:
iSIG= PTdwpDa3TJe-2rR. Ph .~
4R3A, Ka RL
(8.46)
where:
PT
Ph
= transmittedpower
= amplifiergain
Da = aperturediameter
apertureilluminationconstant=sen(e)5.4
Detection range for a wire withdw=10 mm
.. visibility800
-+- visibility 1500
visibility2000
Resultsof rangeperformancealculationsperformedwithvariousvisibilitiesandwith
allotherparameterssettotheworstcase,areshowninFig.8-42.
Ka
Detection range for a wire with dw=5 mm
Figure8-42.LOAS detectionrangeperformancewithwires.
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Thefalsealarmprobabilitywasmodelledby:
1
Pja= B.Tja'1]
(8.47)
where:
Tfa
= receiverbandwidth
= meantimebetweenfalsealarms
B
1] - maximumusefulrange/maximumnonambiguousrange
Themeantimebetweenfalsealarmscorrespondstoelementaryelectricalfalsealarmsat
thereceiverlevel. Theprobabilitytohaveseveralfalsealarmsona straightlinepattern
is muchlower. Statistically,thesephenomenaredescribedby theFalseAlarm Rate
(FAR) andDetectionProbability(Pd). If thenoiseandsignaldistributionsareknown,
the SNR can be estimatedandthe correspondingDP andFAR can be determined.
Accordingto theRice calculation[1],theaverageFAR for theLOAS systemis given
by:
- 1
[
1/
)FAR= r;;exp- 2122,"'1/3 n
(8.48)
where:
TheLOAS Pdis determinedusingpureGaussianstatistics[1,2]:
1 co
[
,2
) (
.
J
Pd =- f exp-~ d ~-r;It-In 21n Ji1n
.[iI n
(8.49)
in
- averagesignalcurrent
instantaneousnoisecurrent
In
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, = Electricalpulselength
It = Thresholdcurrent
In = Averagenoisecurrent
Thefalsealarmprobability(Pja)isgivenby:
Pja=".FAR (8.50)
andthecumulativedetectionprobability(PD)isgivenby:
m
P =1- "Ci Pi (1- P )
M-i
D ~ M d d
i=O
(8.51)
where:
M = numberofpossibledetections
= minimumnumberofdetectionsrequiredm
TovalidatetheLOASperformancemodels,groundtestswereperformedusingawireof
knownsectionandreflectivity(Dw=2.5cmandp =40%),andwithvariousweather
conditions(i.e.,clearweatherwith10S Vs 15km,andlight/medium/heavyrain).The
scenarioinwhichgroundtestswereperformedisshowninFig.8-43.
Figure8-43. LOAS groundtestsscenario.
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Thecollectedatasetsshowedthatthereturnedsignalpowerfluctuatesindependently
frompulsetopulseaccordingtoa Gaussiandistribution.Thesetsof datacollectedin
clearandrainyweatherconditionsareshowninFig.8-44.
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Figure 8-44. LOAS detectioncharacteristics.
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A comparisonbetweentheSNR predicted(SNRp)usingeq. (8.39)with y calculated
usingtheESLM model(0.19km-Is;yS;0.22km-Ifor clearweatherand1.23km-IS;yS;
2.94 km-I for rainy conditions),assuminga backgroundpowerof 10Watt/m2/sr/~mand
p = 0.5,andestimatedfromexperimentaldata(SNRE)usingeq. (8.40)to (8.46),is
showninTable8-23.
Table8-23. ComparisonbetweenLOAS predisctedandmeasuredSNR's.
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ClearWeather Rain
V=10km V=12.5km V=15km Light Medium Heavy
SNRp 4.90x104 4.95x104 5.02x104 3.14x104 1.83x104 1.45x104
SNRE 3.35x104 3.80x104 4.27x104 2.87x104 2.47x104 2.13x104
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FLIGHT TEST ACTIVITIES
9.1 General
Flighttestactivitiesperformedas partof thePILASTER development
project,includedthefollowing:
a. PILASTER SystemsTestCampaign(TORNADO-IDS),including:
PropagationMeasurementsinObliqueAir-to-groundPaths;
CLDPPointingAccuracyMeasurements;
CLDPFUR SystemsFlightTesting;
b. DGPSTestCampaign,including:
MB-3339CFlightTrials;
TORNADO-IDSFlightTrials.
c. LOAS TestCampaign,including:
PreliminaryFlightTrialsontheNH-300Helicopter;
FinalFlightTrialsontheAB-212Helicopter.
Particularly,the PILASTER STU and MSU systemsweretestedduringtheir
employmentin realair-to-groundmissions(bothwithandwithoutdeliveriesof guided
weapons).WiththePILASTERsystemsintheiroperationalconfiguration,atmospheric
extinctionmeasurementswereperformedwiththegeometriestypicalof air-to-ground
missions(Le.,obliqueandverticallaserpaths),andthecorrectionfactorsfortheESLM
sea-levelatmosphericpropagationmodelsweredeterminedintheconditionsofgreatest
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significance.Pointingaccuracy(fromgeometricandenergyspotcentresmeasurements)
of theCLDP weredeterminedin flightandlaserbeamspreadmeasurementswere
performedwithvariousaircraft-targetometries.
TheDGPStestcampaignwasperformedwiththeaimof selectinga suitablePosition
ReferenceSystemforbothexperimentalandtrainingactivities(i.e.,real-timeandpost-
flightmissiontrajectorydataanalysis).Furthermore,theaircraftenvelopelimitations
associatedwiththeuseofanairborneDGPSapplicableduringactivitiescarriedoutwith
laserdesignatorsandotherlasersystemswasdetermined.Asanticipated,also
TheLOAS flighttestactivitieswerecarriedoutinordertoverifythefunctionalityofthe
systemin a realoperationalenvironment(preliminarytrials)andtoassessthesystem
detectionperformancewithvariousweatherconditions/obstaclesandtheefficiencyof
theobstacleclassification/prioritisationlgorithms.
Thischapterdescribestheflighttestactivitiescarriedoutduringthisresearchandgives
indicationsaboutfurtheractivitiesplannedtobeperformedinthefuture.
9.2 PILASTERlCLDP Test Campaign
As discussedin the previouschapters,mostPILASTER systemstest
activitieswerecarriedoutduringlaboratoryandgroundsessions.However,anumberof
flightsortieswereperformedwiththeCLDP onTORNADO-IDS(fullyinstrumented
withFT! andaDGPSbasedPRS),inordertoverifythecomplianceofthePILASTER
systemswithaircrafttest/trainingmissionsrequirements.Thisactivityalsoservedtothe
personnelinvolved(aircrewsandengineeringofficers)to gainconfidencewiththe
PILASTERsystems(STUandMSU)duringtheiroperationalemployment.Particularly,
bothdry(noLGW delivery)andhotattackprofileswereflown,followingflightpaths
andexecutingmanoeuvrescompatiblewithbotheye-safetyrestrictionsandDGPS data
gatheringrequirements.Duringtheactivity,anumberof measurementswereperformed
(in real-timeandin post-processing)withthePILASTER systems.Togetherwith
baselinemeasurementsrequiredforthePILASTERoperation(pointingaccuracy,beam
spotdiameter,energyprofiles,codescharacteristics,etc.),alsosomepropagation
measurementswereperformedwithdifferentobliqueair-to-groundpaths.
9-2
TheCLDP-IR standardFUR andanenhancedversionoftheFUR system(CLDP-IRS
version)wasalsotested,usingthePILASTER IR target.Finally,usingthedata
collectedinflight,thePILASTERpost-missiondata nalysistoolswerealsoimproved.
9.2.1 AtmosphericPropagationTrials
Atmosphericpropagationflight test activitieswith the CLDP-IR on
TORNADO-IDSaircraftwereperformedwiththeaimof obtainingexperimentaldata
regardingthevariationsof theattenuationcoefficientatA= 1064nmasa functionof
altitude.Inordertocopewiththistask,itwasfirstofallrequiredtocorrectlyplanning
the flight sortiesandselectingthetestpointsaccordingto theaircraftenvelope
limitations,tothePILASTER instrumentationmodeof operationandtotheCLDP-IR
functionalcharacteristics.As thetargetusedforthetrialshada sizeof about1Ox10
metres,andtheentirelaserspothadtobecapturedbytheNIR camerasfordataanalysis,
thefirstconcernwastodeterminetheconditions(Le., slant-rangeandincidenceangle)
inwhichthesizeofthelaserspotwouldnotexceedthesizeofthetarget.Imposingthat
theaircrafthadto fly towardsthetargetsurfacealongtheradial130,theproblemof
determiningthelaserspotsizewithvaryingaltitudewasreducedtothecaseof apure
verticalmisalignment(Le.,noazimuthmisalignment).Therefore,theequationusedto
approximatelydeterminethemajoraxisofthelaserspotellipseonthetarget(r)wasthe
following:
)[
1 1
]
a
r =(d.sina . + +-
cos(a- p) cos(a+p) cosP
(9.1)
wherea is thebeamdivergenceandj3is theCLDP-IRelevationangle(measuredwith
respecttothetargetnormal).Usingthisequation,twoflightsortieswereplannedtobe
executedindayswithvisibilityinexcessof 15km,includingfourdivemanoeuvresat
45°,35°,25°and15°respectively.Thediveprofilesenvelopesaredescribedin the
Table9-1.
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Table9-1. Flightprofilesenvelopesfor atmosphericextinctiontrials.
Whendatacouldnotbecollecteduringthedives,straightandlevelpassageswere
performedparalleltothetargetsurface.In allcases,theCLDP-IRlaserwasmanually
activatedbytheWSOattherequiredaltitudesandgrazingangles.
TheCLDP-IR lasereye-safetyenvelopeis shownin Fig.9-1,withsuperimposedthe
divemanoeuvresprofiles.
Eye-safety Envelope
CLDP-TC
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Fig. 9-1. CLDP-IR eye-safety envelope.
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The flightswereperformedon two successivedaysduringsummer2002. The
meteorologicaldatacollectedatthetargetlocationduringthetwosortiesarereportedin
Table9-2.
Table9-2. Meteorologicaldatarelativetopropagationflighttrials.
Following the plannedflight profiles,experimentaldatacollectedduringthe two
TORNADO-IDS sortiesallowedto estimatethevariationsof theattenuationcoefficient
with altitude.Particularly,measuringtransmittancesfor variousaircraftgrazingangles
and altitudes (aircraft instrumentedwith DGPS and equipped with standard
barometric/radarltimeters),thefollowingresultswerefound.
9.2.1.1 Testswith50°GrazingAngle
Theexperimentaldataobtainedwithagrazingangleof50°areplottedin
Fig. 9-2. Thefollowinglinearapproximationwasfoundfor theratioof attenuation
coefficienttoitssea-levelvalue:
T":rm/r aIm= -1. 9568.10-5H +0.9663 (9.2)
where r:rm is the attenuationcoefficientof the slant-path,ralmis the attenuation
coefficientat sea-level,and H is the aircraftMean Sea Level (MSL) altitudein
thousandsof ft. Thesecondorderpolynomialfit of thesameexperimentaldatais:
T":rm/T"alm=5.5583.10-10H2 - 3.6243.10-5H +1.0810 (9.3)
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Sortie Visibility
ReI.Hum. Temp. Wind Cloud
(km) (%) (OC) (O/kts)
1 16km 57% 35°C 120/7 0/8
2 18km 54% 32°C % 2/8
Variati.OlTtof YatmWithAttitude
-500Gra~ingAngle-
s..
-t-
:z:
S..?--
R2 =0,9767
~~~~~,~",~~",~~"~ ~ ~ ~. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~. ~ ~
Altitude(ftMSL)
Fig. 9-2. Ratioof theattenuationcoefficientto its sea-levelvaluefor
slant-pathswitha 50°grazingangle.
9.2.1.2 Tests with 400Grazing Angle
Theexperimentaldataobtainedwitha 40°grazingangleareplottedin
Fig. 9-3. Thefollowinglinearapproximationwasfoundfor theratioof attenuation
coefficienttoitssea-levelvalue:
T:m/Tatm=-1.7566.105H +0.9608 (9.4)
Thesecondorderpolynomialfitoftheexperimentald tais:
T:m/Tatm=7.6424.1O-1IH2-1.9706.10-5+0.9747 (9.5)
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Variation of 'Yatm withAltitude
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Fig. 9-3. Ratioof theattenuationcoefficientto its sea-levelvaluefor
slant-pathswitha 40°grazingangle.
9.2.1.3 Tests with300GrazingAngle
Theexperimentaldataobtainedwithagrazingangleof30°areplottedin
Fig. 9-4. Thefollowinglinearapproximationwasfoundfor theratioof attenuation
coefficienttoitssea-levelvalue:
T~mlratm=-1.5245.10-5H +0.9626 (9.6)
Thesecondorderpolynomialfit of thesameexperimentaldatais:
T~m/Tatm=5.3447.10-10H2 - 2.9675.10-5H +1.0537 (9.7)
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VariationofYatmwithAltitude
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Fig. 9-4. Ratioof theattenuationcoefficientto its sea-levelvaluefor
slant-pathswitha 30°grazingangle.
9.2.1.4 Testswith20°GrazingAngle
The experimentaldataobtainedwithmanualCLDP laseractivation
duringthe 20° dive manoeuvreare plottedin Fig. 9-5. The followinglinear
approximationwasfoundfortheratioofattenuationcoefficienttoitssea-levelvalue:
T~mlratm=-1.3758.10-5H +0.9530 (9.8)
Thesecondorderpolynomialfitofthesamexperimentald tais:
T~m/Tatm=3.2468.10-13H2 -1.3765.10-5H +0.9531 (9.9)
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Fig. 9-5. Ratioof theattenuationcoefficientto its sea-levelvaluefor
slant-pathswitha 20°grazingangle.
9.2.1.5 Discussion of Results
All experimentaldatacollecteduringthetrialsareshownin Fig.9-6.
Lookingatthedatatrends,itisevidentthat,asthegrazingangle(.;) becomesshallower,
r:m tendstodecreaseatalowerateasthealtitudeincreases.
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Variation of Yatmwith Altitude and Grazing Angle
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Fig.9-6. Ratioof theattenuationcoefficientoitssea-levelvaluefor
slant-pathswith20°,30°,40°and50°grazingangles.
It mustbe consideredthatthe linearfits relativeto thevariousgrazinganglesare
representativeof thedatatrendsonlyin thealtitudeintervalsweretheexperimentaldata
werecollected.Furthermore,theexperimentalf ightsortieswerecarriedoutonly in
clearweatherwithsimilarvaluesof therelevantmeteorologicalparametersmeasuredon
theground(i.e.,visibility,relativehumidityandtemperature).Therefore,it is possible
thatusing thesefunctionsbeyondthe respectivealtitudeintervalsand in different
weatherconditionsmaynotprovidereliablepredictionsoftheattenuationcoefficient.
Let us consideronly thealtitudeinterval8000+14000ft in whichdatawerecollected
withallgrazingangles(Le.,q =50°,40°,30°and20°),showninFig.9-7.
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Fig. 9-7. Ratioof theattenuationcoefficientto its sea-levelvaluefor various
slant-pathsandaltitudesbetween8000and 14000ft.
Also inthisaltitudeintervalit is confirmedthatr~mtendstodecreaselessasthegrazing
anglebecomeshallower.Furthermore,in thisintervalwemayperformfurtheranalysis
by determininganaveragefittingfunctionforall datapointscollected.Theseelements
are shown in Fig. 9-8. By doingthis, we obtaina single functionwhich allows
approximatecalculationsof thefractionaldecreasein ratmfor slant-pathswith20°s ~s
50°fromsea-leveltoaltitudesbetween8000and14000ft.
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Variati.onof YatmwiithAltitude and Grazing Angle
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Fig. 9-8. Average Y:m/YaIm for slant-pathswithgrazinganglesbetween20°and
50° and altitudes between 8000and 14000ft.
A similaranalysiswasalsoperformedin thealtitudeinterval8000+19000ft for the
grazingangles30°,40°and50°. TheresultsareshownintheFigures9-9and9-10.
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Fig. 9-10. Averager~m/raIm for slant-pathswithgrazinganglesbetween30°
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In orderto obtainaccuratepredictionsof theattenuationcoefficientvariationswith
altitude,requiredfor performancedataanalysisand simulationpurposesat the
PILASTER range,it is essentialtoperformfurthertrials,inappropriatemeteorological
andoperationalscenarios,includingwellrepresentativew atherconditionsandwider
portionsoftheTORNADO-IDS/CLDPoperationalflightenvelopes.
9.2.2 CLDP PointingAccuracyTests
Using the PILASTER STU instrumentationand the permanentarget
describedin chapter5, thepointingaccuracyof the CLDP system,installedon the
TORNADO-IDS aircraft,was determined.The aircraftflight profiles for pointing
accuracytestsweredefinedaccordingtotheCLDPIPILASTER technicalcharacteristics
andtakinginto accounteye-safetyissues. The measurementswereperformedduring
oneflight sortieperformedat altitudesbetween10000and20000ft andwith various
CLDP aspectanglesandaircraftto targetslant-ranges.A numberof six straight-and-
levelpassageswereperformedwiththeaircraftflyingparalleltothetargetsurface.The
CLDP systemwasaimedatthetargetbyusingthesystemsTRACK andSLAVE modes
(2 passagesin SLAVE, 2 passagesin TRACK-TAC and2 passagesin TRACK-TIC).
All testpointswereperformedwithmanualaseractivationby theWSO forperiodsof
about 15 seconds,in the prescribedaircraftaltitudeand attitudeconditions. The
atmosphericparametersecordedatthetargetlocationduringtheflightwere:V= 18km,
T= 31°CandRH= 45%(noclouds).Pointingaccuracydata(Le.,displacementerrorof
theenergeticandgeometriccentresof thelaserspotsonthetargetwithrespecttothe
targetcentre)wereobtainedusingthesamemethodsalreadydescribedin chapter9 for
thethreecasesof slightlydistorted,highlydistortedandbrokenlaserspots.Theresults
ofthemeasurementsarenotpresentedhereduetomilitaryclassificationissues.
9.3 FLIR Systems Testing
UsingthePILASTER IREF targetdescribedin chapter5, installedonthe
permanentFXDT targetstructure,theMinimumResolvableTemperatureDifferences
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(MRTD) with spatialfrequencies(cycle/mrad)correspondingto various2-D
discriminationlevels,wheredeterminedfortheCLDP-IRandfortheenhancedCLDP-
IRS FUR systems.Furthermore,usingtheseexperimentaldatait waspossibleto
calculatethedetection,recognitionandidentificationrangesofbothFUR systems,for
targetsof givenaspectdimensions.Althoughtheexperimentalresultsobtainedarenot
presentedin thisthesis(duetothehighlevelof militaryclassification),thetechnical
approachadoptedisdescribedhere,whichisareferenceforfutureFUR testactivitiesto
beperformedatthePILASTERrange.
9.3.1 In-FlightTestProcedure
Firstof all, it is importantto selectappropriateaircrafttotargetgeometries
forthesystemundertest.The(angular)spatialfrequency(SF) is givenby:
SF =RT
W;c
(9.10)
where:
RT
WIc
sensor-to-targetrange
widthof onecycleof target
The 'cycle' is definedasthesumof onebarandspaceonthereferencetarget.In flight
testpractice,the spatialfrequencyis adjustedby varyingsensor-to-targetrange(i.e.,
flyingtowardthetarget).ThePILASTER testprocedurestepsarethefollowing:
a. Adjusttheeffectivetemperaturedifferential(.,11)of thebartargetothemaximum
valueplannedforthetest.
b. Fly a prescribedflightpath,at constantaltitudeandairspeed,on a heading
designedto passdirectlyoverthePILASTER target,andnormalto thetarget
surface.
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c. Determinethesensor-aircraftposition(and,hence,sensor-to-targetrange)with
suitablerangeinstrumentation(e.g.,cinethodolites)oron-boardpositionreference
devices(e.g.,DGPS).
d. AcquiretheIR targetontheFUR sensorundertest.
e. Continuetoobservethetargetonthesensoruntilthevariationsinradiantintensity
duetotheindividualbarsarejustdiscernible.
f. Measureandrecordtheresolvabletemperaturedifferentialandtherange(spatial
frequency)attainedin step(e).
g. Repeatsteps(a)through(f),substituting,in step(a),increasinglysmallertarget
temperaturedifferentials,untilthevariationsduetoindividualbarsarenolonger
discernibleevenattheminimumsensor-to-targetrangesplannedforthetest.
Duringthein-flighttests,atmosphericconditionsmustberecordedin ordertodetermine
thetransmittance(Tatm).L1Tmustbemultipliedby TatmtogetthenormalisedL1Twhichis
usedforplottingtestresults.Additionally,thermovisionshouldbeusedto recordIR
targetdifferentialtemperatureastruthdatatoensuretheIR boardisoperatingproperly.
The relationshipbetweensensorcut-offspatialfrequency(SFs)andsensorangular
resolution(BR)isgivenby:
1
BR=SF::
(9.11)
Whentheresolvablet mperaturesdeterminedbythein-flightestareplottedversusthe
spatialfrequencyofthetarget,heresultshouldbeverysimilartothosedeterminedby
groundtests.Theonlysignificantdifferenceshouldbethatthein-flightspatialcut-off
frequency(SFs-j)of thesensorshouldbesomewhatlowerthanthatattainedin ground
tests(SFs-g).Theonlysignificantdifferenceshouldbethatthein-flightspatialcut-off
frequencyofthesensorshouldbesomewhatlowerthanthatattainedingroundtests.An
exampleofaplotshowingbothin-flightandgroundtestresultsispresentedinFig.9-11.
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For a properlyintegratedandproperlyfunctioningsensor,thedegradationof angular
resolutioni flightisdueprimarilytosensorline-of-sight(LOS)jitter.
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Fig. 9-11. Spatialfrequency- in-flightandgroundresolution.
RangePerlormancePredkDons
FUR systemsrangeperformancepredictionsrequireamathematicalmodel
thatdescribestheeye/brainimageinterpretationprocess.Unliketheresponseof an
electronicircuit,theresponseof a humanobservercannotbedirectlymeasuredbut
onlycanbeinferredby manyvisualpsychologicalexperiments.Thelowestlevelof
discriminationis a distinctionbetweensomethingandnothing.Thefinallevelis the
preciseidentificationa ddescriptionofaparticularobject.Betweenthesetwoextremes
layacontinuumofdiscriminationlevels.
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In thelatefifties,lohnsonstudiedimageintensifiersdiscriminationperformanceatthe
US Army Engineeringand ResearchLaboratories. He arbitrarilydivided visual
discriminationintofourcategories:detection,orientation,recognition,andidentification
[1]. lohnosn'sresultsallowedtocorrelatedetectabilitywiththesensorthresholdbar
patternresolution(Table9-3). He appliedthenumberof cyclesacrossthetarget
minimumdimension,withoutregardtotheorientationof theminimumdimension(his
rasterlessimageintensifierimagerywasradiallysymmetricalndthereforeit was
reasonableforhimto ignorethebarorientation).lohnson'sapproach,knownasthe
equivalentbar patternapproach,becamethe foundationfor the discrimination
methodologyusedtoday.
Table9-3. Johnson's experimentalresults.
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Discrimination level Meaning
Cycles across
minimumdimension
Detection An objectis present(object 1.0 :t 0.025
versusnoise)
Orientation Theobjectis approximately 1.4 :t 0.35
symmetricalor unsymmetrical
anditsorientationmaybe
discerned(sideviewversus
frontview)
Recognition Theclasstowhichtheobject 4.0 :t 0.80
belongs(e.g.,tank,truck,man)
Identification Theobjectis discernedwith 6.4 :t 1.50
sufficientclaritytospecifythe
type(e.g.,T-52tank,friendly
jeep)
SuccessivestudiesandtestsperformedattheUS ArmyNightVisionLaboratoriesand
byindustrysuggestedmodificationstothevaluesoriginallyfoundbyJohnson.Table9-
4 providesthecurrentindustrystandardfor one-dimensionalt rgetdiscrimination.
Orientationis a lesspopulardiscriminationlevel.Becausecurrentstandardsarebased
uponJohnson'swork,theyarelabelledastheJohnsoncriterionthoughtheyarenotthe
precisevaluesfoundbyhim.
Table9-4. Currentindustrycriterionfor 1-Ddiscrimination(50%probabilitylevel).
The Johnsoncriterionprovidean approximatemeasureof the50%probabilityof
discrimination.Resultsof severaltestsprovidedthe cumulativeprobabilityof
discriminationrtargettransferprobabilityfunction(TTPF). TheTTPF canbeusedfor
all discriminationtasksby simplymultiplyingthe50%probabilityof performingthe
task(N5oin Table9-4)by theappropriateTTPF multiplierin Table9-5 [2]. For
instance,theprobabilityof 95%recognitionis 2N5o=2(4)=8 cyclesacrossthetarget
minimumdimension.Similarly,thecyclesrequiredfor detection,recognitioned
identificationwithaprobabilitylevelof80%are1.5,6and12respectively.
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Cyclesacross
Discriminationlevel Meaning minimumdimension
(Hso)
Detection An objectis present 1.0
Recognition Theclasstowhichthe 4.0
objectbelongs
Identification Theobjectis discernedwith 8.0
sufficientclarityto
specifythetype
Table 9-5. Discrimination cumulative probability [2J.
An empirical fit to thedataprovides[3]:
P(N)~ (:,J
1+
(
~
JNso
where:
E =2.7+0.7.
(
~
JNso
(9.12)
(9.13)
Visualpsychophysicalexperimentssuggestthattheeyeresponsefollowa log-normal
distribution.Theprobabilitydensityfunctionappearstofollow[4]:
p(N ) = I _-fOg(N)-IOg(Nso)]
2
-J2;; .Zog(ey).e 2 log(cr)
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(9.14)
Probabilityof discrimination MultiplerFm
1.00 3.0
0.95 2.0
0.80 1.5
0.50 1.0
0.30 0.75
0.10 0.50
0.02 0.25
0 0
andthecumulativeprobabilityis:
logN
P(N) = fp(N)dlog(N)
0
(9.15)
wherelog(CY)=0.198.Boththeempiricalfitofeq.(9.12)andthelog-normalapproach
(baseduponaphysicallyplausiblefoundation)ofeq.(9.15)providesimilarnumerical
results.
Asclutterincreases,theabilitytodiscernatargetdecreases.Toaccountforthisreduced
capability,Nsomustincrease.Moststudieshavebroadlycategorisedclutterintohigh,
moderateandlowregions[5],anddefinedthesignal-to-clutterratio(SCR)as:
SCR=max target value - backwound mean
(jclutter
(9.16)
where:
1 N 2
(jclutter ="\/ N~(ji
(9.17)
andCJiis thermsvalueof thepixelvaluesin a squarecell thathassidedimensionsof
approximatelytwice the targetminimumdimension. The sceneis composedof N
adjoiningcells. Theuseofadjoiningcellsintroducesaspatialweightingfactorthatis
similartothespatialintegrationperformedbytheeye/brainprocess.Cluttersizesthat
areequaltotheobjectsizeweighmoreheavilyinthiscalculation.
TheresultsarepresentedinTable9-6[5]. Fieldexperiments[6]demonstratedthatthe
Johnsondetectioncriterionappliestoa"generalmediumto lowclutter"environment.
Therefore,the50%probabilityofdetectioni Table9-6wherenormalisedinmoderate
cluttertoonecycle.TheseexperimentalfindingsroughlyfollowtheempiricalTTPF of
eq.(9.12).It is convenienttouse0.5,1.0and2.5asamultiplier(Fd)toNsofor low,
moderate,andhighclutterenvironmentsre pectively.
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- Nodataavailable
estimated
Table9-6. TTPF whenclutteris present[5J.
In orderto obtainthe two-dimensionaldiscriminationlevelsrequiredin a 2-D
performancepredictionmodel,eachvaluein theone-dimensionalcriteria(Table9-7) is
multipliedby0.75[7]. Theresultsarepresentedin Table9-7.
Table9-7. Discriminationlevels for the2-Dmodel(50%probabilitylevel).
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MultiplierFd
Probabilityof Low Clutter Moder.Clutter High Clutter
detection
SCR>10 1<SCR<10 SCR<1
1.0 1.7 2.8 **
0.95 1.0 1.9 **
0.90 0.90 1.7 7.0*
0.80 0.75 1.3 5.0
0.50 0.50 1.0 2.5
0.30 0.30 0.75 2.0
0.10 0.15 0.35 1.4
0.02 0.05 0.1 1.0
0 0.0 0.0 0.0
Cyclesacross
Discriminationlevel Meaning minimumdimension
(NS0-2D)
Detection An objectis present 0.75
Recognition Theclasstowhichthe 3.00
objectbelongs
Identification Theobjectis discernedwith 6.00
sufficientclarityto
specifythetype
TheNightVisionLaboratoryStaticPerformanceModel[Ratchesl.A., etal.]usesthe
minimumdimension(I-D), whereas2-D models(e.g.,FLIR92 model)referto the
criticaldimensionoftheobject[7]:
he = .jWTGT X H TGT (9.18)
whereWTGTandHTGTarethehorizontalandverticalobjectdimensions.In thiscase,the
numberof cyclesusedfor rangeperformancecalculationsis thatassociatedtotheobject
criticaldimensionhe.Therefore,our2-D FUR rangeperformancepredictionmodelcan
besummarisedbythefollowingequations:
h
R = e X SF
(NSO-2D x Fd)
fordetection (9.19)
R = he
(NsO-2DX Fm) X SF
for recognitionedidentification (9.20)
where:
R
he
= predictedslantrange;
= targetcriticaldimension;
SF = measuredspatialfrequency;
= cyclesrequiredfordetection,recognitionandidentification(Table9.7)
= multipliersforthevariousdiscriminationlevels(Table9.5and9.6).
N5O-2D
Fm,Fd
9.4 DGPS Flight Test Campaign
As describedin thepreviouschapter,a preliminarygroundtrial was
performedwithtwoASHTECHreceiversinordertotestheaccuracyoftheDGPSdata
andtogaina goodlevelof confidencewithdifferentialtechniques,beforeperforming
actualflighttrials.TheDGPSflighttestactivitywasdividedintwoseparatesteps:
an initialcampaign,alreadycompletedon the MB339-Caircraft,aimingat
assessingandcomparingtheperformanceof two DGPS receivers(TRIMBLE
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TANS III andASHTECH-12)in a dynamicenvironmentin orderto selecthe
systemwiththebestperformance;
a finalin-flightevaluationof theselectedsystem(ASHTECHorTRIMBLE),now
ongoingon theTORNADO-IDSaircraft,requiredfor determiningthesystem
accuracyduringhigh-dynamicsmanoeuvresandtoidentifythecriticalconditionsin
whichtheDGPS is likelyto losethesignalorprovideinaccuratedata.
9.4.1 MB-339CD DGPS Flight Trials
Thegenerallayoutof theMB339-CDinstallationis shownin Fig.9-12.A
detailof theon-boardFlightTestInstrumentation(FT!) andASHTECH receiver
installationisshowninFig.9-13.
Figure 9-12. Installationon theMB339-CDaircraft.
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Figure9-13.Detailof theon-boardFTI (MS 339-CD).
The TANS installationis shownin Fig. 9-14,togetherwith a detailof themagnetic
flightdatarecorderusedforthetrials.
Figure 9-14. TANS installationandmagneticrecorder.
9-25
DuringtheMB339-CDtestcampaign,specificdynamicmanoeuvreswereincludedin
theaircraftflightprofilesin ordertoallowacomparativeevaluationof theTRIMBLE
andASHTECHreceivers.Particularly,thefollowingmanoeuvres,representativeofthe
realconditionswhichcanbeencounteredduringoperationalflights,wereperformed:
turnswithconstantbankangle(toevaluatetheantennamaskingeffect);
divesfollowedby a pull upto 4 g's longthe4 cardinaldirections(typicalweapon
aimingmanoeuvres);
highdynamicmanoeuvresas"tonneau"(rolls/barrelrolls)andstick-jerks.
It mustbeunderlinedthatadeterminationftheaccuracyprovidedbythesystemswas
notconsideredessentialin thisphase.However,someover-flightsof definedground
siteswereperformedinordertoobtainaroughestimationofthesystemsaccuracy.
As expected,duringstraight-and-levelflightbothreceiversundertestperformed
satisfactorily,withnosignificantdatalossesrecorded.However,duringexecutionof
dynamicmanoeuvresbothsystemsfrequentlylostlockto thesatellites.Analysingthe
datacollectedin flight, it wasunderstoodthatthisphenomenonwasprimarilydueto
shieldingof theGPS antennaby theaircraftbody(wings,fuselageandtails). Data
analysisalsoconfirmedthatduringdynamicmanoeuvresbothsystemsexperienceda
very significantincreaseof thePDOP factor. In Fig. 9-15somecurvesare shown
relativetothevariationof theflightparameters(heading,altitude,pitch,bank,etc.)in a
periodof afewminutes,asgivenbytheaircraftINS duringoneoftheflighttrials.
Identificationof theparametersshownin Fig. 9-15,togetherwith therelatedscales,is
givenbelow.
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8 B =MagneticHeading (-180°+180°) 8 I =Along X Acceleration(-80+80ft/s2)
8 C = Roll Angle (-90+90°) 8 J = Along Y Acceleration (-80+80 ft/s2)
8 D =Pitch Angle (-40+40°) 8 K =Along Z Acceleration(-80+80ft/s2)
8 E =BarometricAltitude(0+40000ft) 8 L =NormalAcceleration(-2+6g)
8 F =NORTH Velocity (-800+800ft/s) 8 M =AngularVelocityX (-40+40°/s)
8 G = EST Velocity(-800+800ft/s) 8 N =AngularVelocityY (-40+40°/s)
8 H =VerticalVelocity(-800+800ft/s) 8 0 =AngularVelocityZ (-100+100°/s)
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Figure9-15.ASHTECH and TRIMBLEdataloss periods (-45°turn).
Particularly,the manoeuvreshownin Fig. 9-15 is a left turn (-450bankangle)
correspondingtoaGPSsignalloss(forboththeASHTECHandtheTRIMBLE receivers).
TheSignal-to-NoiseRatios(SNR)measuredforeachsatelliteareshowninFigure9-16.
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ASHTECH Acq.
TRIMBLE Acq.
Figure 9-16.ASHTECH and TRIMBLE datalosses (SNR's).
It is evidentthatthesignalintensitydid notdecreasegradually.This confirmsthatthe
signalloss,in thiscase,wasdueto interpositionof anobstaclebetweenthesatellitesand
theantennandnottoreceivertrackingproblems.
Fig.9-17givesanideaoftherelativepositionsoftheaircraftandthesatellitesduringthe
manoeuvre.It canbenoticedthatin consequenceof theleftturnmanysatelliteswere
maskedby the aircraftbody. Signalreacquisitiontook placewhenthe aircraft
progressivelyreducedthebankangleandtheheadingvariationrate.
9-28
SATELLItEAZII1UTHI ELEURTIOH H
9 18 12
Figure 9-17.Aircraft-satellitesrelativepositions.
AlthoughbothreceiversimultaneouslylosttheGPS data,a differencewasnoticed
betweenthetworeceiversintermsof reacquisitiontime.As thepositionof theaircraft
longitudinalxisduringtheturngotcloserto satellite2 (in thehorizontalplane)the
TRIMBLE receiverexperienceda lossof tracktoall satellites,whilesatellites19and27
werestilltrackedbytheASHTECHreceiver.Thiswasduetotheinternalprocessingof
thereceiver.
Prior flightbothreceiverswereprogrammedwiththesamePDOP threshold,butthe
ASHTECHreceiverwasabletomaintaintrackto thesatellitesin viewevenwhentheir
SNR'swereverylow,whileTANS losttracktoall satellites.Thissignificantlyreduced
thetimerequiredbytheASHTECHreceiverfora newpositioningfix assoonasfour
satelliteswereavailableagain.Othertrialsalsoconfirmedthattheincreaseof PDOPand
thereductionof SNR'sduringdynamicmanoeuvreswereresponsibleforsatellitesignal
lossesintheTRIMBLE receiver(evenwithsmallvariationoftheaircraft-receiverr lative
geometryandin absenceof satellitemasking),andthattheASHTECHreceiverneeded
shorterperiodstocomputeanewpositioningsolutionafterlossesofsatellitesignalscaused
bymasking.
Fig.9-18showsthatachangeof satelliteconfigurationduetomanoeuvresmaydetermine
anaccuracydegradation.Particularly,thelossofonesatellite(fromfivetofoursatellites
tracked),determinedaconsiderableincreaseofthePDOPinthiscase.
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Figure 9-18.PDOP variationwithloss of 1satellite.
Datacollectedduringa stick-jerkmanoeuvreareshownin Fig. 9-19. Duringthis
manoeuvrethestickis repetitivelypulledandpushedin ordertoobtainhighjerks. This
canbeaverycriticalmanoeuvrefortheGPSreceivers(especiallyforthecodecorrelation
circuits).ThejerklimitswerenotspecifiedfortheASHTECHreceiver,whileforTANS a
jerklimitof2 g/s(20m/s3)wasquoted.Duringthemanoeuvreajerkofabout2.8g/swas
obtainedbutnodatalossoccurredinanyofthetworeceivers.
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The datain Fig. 9-20wererecordeduringthreepullupmanoeuvresat4 g's(typicalin
weapondelivery).Whileduringexecutionof themanoeuvreslockonto thesatelliteswas
kept(betweenfourandthreesatellitestracked),attheendof eachmanoeuvretotalsignal
lossesoccurred.Thethreemanoeuvreswerealwaysprecededby straight-and-Ievelflight
(about30seconds)toallowoptimalsatellitetracking.
The performanceof thereceiversduringpull-upmanoeuvres(typicalof LGB delivery)
werebetterthantheperformanceduringturns(typicalof theescapephaseof anattack).
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Figure 9-20. Pull-upmanoeuvres(4g's).
Analysingthedataof theMB339-Ctestcampaign,itwasconcludedthatheASHTECH
receiverwasbettersuitedthantheTRIMBLE receiverfor flighttestingandtrainingwith
airbornelaser systems(Le., higheraccuracyanddatacontinuity).Particularly,the
ASHTECHtrackingandreacquisitionstrategysignificantlyreducedthetimerequiredfora
newfix afterdatalosses.TheASHTECHdatacontinuityduringdynamicmanoeuvreswas
significantlybetterthanthatofTRIMBLE. Onaverage,theGPSdatalossoccurredin25%
of thetotalflighttimefor theASHTECH receiverandin 35%of thetimefor the
Theseresultswereobtainedwithanidenticalsettingof thethreshold
parametersforpositioncomputation.AlthoughtheTANS receiverwasabletoprovidea
positioningsolutionevenwith onlythreesatellitestracked(usinga barometricinput),in
TRIMBLE receIver.
thiscasetheaccuracydegradationf thehorizontalco-ordinates(especiallythelatitude)
wasverysignificantandnotacceptableforlasersystemsflighttestapplications.
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9.4.2 TORNADO-IDS DGPS flight trials
Thelayoutof theTORNADOGPS installation(ASHTECHXII) is shownin
Fig.9-21.Theantennawaslocatedontheaircraftskinatabout1.5mfromthecockpitand
afewdecimetresfromthetelemetryantenna.TheElectro-MagneticCompatibility(EMC)
of theGPSequipmentwiththeotheron-boardsystemshasbeenverifiedbeforeinitiating
theflightactivity.
Figure 9-21. TORNADO-IDSinstallation.
Analysingseveraldatafromthepreliminarytestcampaign,it wasclearthatthemain
disadvantageof theGPS is itsvulnerabilityosignalossescausedbysatellitesmasking.
Therefore,theprimaryobjectivesof thefinaltestcampaignaretothoroughlyinvestigate
thecausesof themaskingproblem,totestthecapabilityof theGPSreceivertoreacquire
satellitesignalsand to provideTSPI evenwith degradedsatelliteconstellations.
Furthermore,adataaccuracyassessmentwascarriedoutbycomparingDGPSwithother
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knownreferences(Le.,radar/baroaltimeters,CLDP laserangefinderandopticaltracking
systems),andtheDGPSaccuracydegradationwithincreasingaircraft-to-referencestation
slant-range(dueto spatialde-correlationf thedifferentialcorrections)wasdetermined.
Finally,someoptimisationcriteriaweredefinedforusingOGPSinflighttestandtraining
activitiesatthePILASTERrange.
9.4.2.1 Masking Investigation
In orderto assistin theinvestigationof masking,a dedicatedsimulation
softwarewasusedto calculatetheglobalmaskingeffectdueto antennandaircraft
structuralmasking.Themaskinganalysisoftware,calledVIEWSAT, modelstheaircraft
shapeandacceptsinputdatasuchastheaircraftattitudeangles(yaw,pitchandroll)
recordeduringflight,andposition(azimuth/elevation)ofGPSsatellitestrackeduringthe
flight(Fig.9-22).
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Figure9-22. Satellitevisibilityfromreceiveralmanacdata.
TheVIEWSAT softwareprovidedavisibilitymatrix(onedorsalantenna)forthedefined
flightconditions(Fig.9-23).
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Figure9-23.Exampleof VIEWSATantennamaskingmatrix.
Thesoftwarerequiredefinitionofasimplifiedaircraftmodelof theaircraft,asshownin
Fig.9-24.
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Figure9-24. Simplifiedmodelof TORNADO.
Theresultwasaglobalmaskingmatrix,asshowninFigure9-25.
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Figure 9-25. Example of VIEWSA T global masking matrix.
Theprogramoutputisabinarydiagraminwhichforeverysatellitemaskeda"0"isshown,
whileunmaskedsatellitescorrespondedto thestatus"1". An exampleof VIEWSAT
output,ogetherwiththerelatedflightconditions,i showninFig.9-26.
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Figure 9-26. VIEWSA T output and related flight conditions.
Duringtheflighttestactivitycarriedout,for everyflightsegmentwith lossof GPS data,
satellitemaskingwas investigatedusingthe VIEWSA T. This was done in orderto
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determinethecriticalaircraftmanoeuvres,u ingthetimehistoriesoftheflightparameters
recordedin flight(i.e.,heading,bankandpitchangles,TAS, baro-heightandRadalt-
height).
Duringa flightcarriedoutwithanumberofvisiblesatellitesbetween6 and7 (typicalat
our latitudes),aircraft attitudedata analysisallowed the identificationof critical
manoeuvresandflightconditions.Duringthetrial,themaximumvariationof thesatellite
positionwasin theorderof 30°in azimuthand20°in elevation.Satellitesoutof visibility
weregenerallycharacterizedby a low elevationabovethehorizon(10°to 20°). During
manoeuvres,thesatelliteswhichweremorelikely to be lostwerethe satelliteswith an
elevationlower than 30°. The mostcriticalmanoeuvres/flightconditionswere
characterisedbya simultaneousnon-gradualvariationof twoassetparameters(pitch,roll
or yaw). A rapidvariationof height(if notassociatedto considerablevariationsin
pitch/roll)wasnotsufficientalonetodeterminesatellitelosses(Fig.9-27).
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Figure 9-27. Heightvariationsw/osatellitelosses duringhorizontal
manoeuvres(a)andin verticalflight(b).
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A manoeuvrethatwasverycriticalwastheturninthefollowingconditions:
. bank~50°;
headingvariationgreaterthan90°..
TwosituationsinwhichtheselementscanbeidentifiedareshowninFig.9-28.
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Figure 9-28. Criticalmanoeuvreswithloss of lock to thesatellites.
Duringturns,thesatellitesloweroverthehorizonwerelikelytobemasked,butin most
casesthemanoeuvredeterminedabankvariationwhichwascriticalonlyif a significant
headingchangewasperformedalongthelinebetweentwoadjacentsatellites(Fig.9-29).
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Figure 9-29.Satellitemasking(SVs 17,20,23and25).
In manysituations,however,similarmanoeuvresdidnotdeterminethelossof lock. The
differencebetweenthetwocaseswasrepresentedbythefactthatintheno-losscasethe
headingvariationwasgradualandfollowedaperiodofstabilizedflight(withoutsignificant
heading,bankandheightvariations)ofabout40seconds.
In Fig. 9-30(a)a manoeuvreis shownin whichboththebankandtheheadingangles
reachedcriticalvaluesbutlossofGPSdatadidnotoccur.Similarly,Fig.9-30(b)refersto
theapproachphaseof a flight,in whicha numberof turnswithhighbankangles,
progressivelyperformedatlowerheights,didnotdeterminesignallosses.
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Fig. 9-30. Criticalmanoeuvreswithoutloss of GPS data.
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Onaverage,theASHTECHreceiverwasabletogiveanewpositioningsolutionwithin20
secondfromreacquisitionf thesatellitesignal.Therefore,it wasgenerallysufficientto
maintaina low bankanglefor about20 secondsin orderto obtaina newsolution.
However,if theheightwaskeptconstantthetimerequiredwasreducedto about10
seconds.Anothersignificantaspecttakenintoaccountwastheinfluenceof theSNR on
satellitereacquisition. Particularly,it was demonstratedby data analysisthat the
ASHTECH receiverprovideda positioningsolutiononly if theSNR of at list 4 satellites
was abovea certainthreshold(approximatelybetween15 and 20 dB) which was not
selectablebytheuseratthegroundprogrammingstage.
9.4.2.2 Doppler Effects
DuringtheDGPS evaluationit wasnotedthatthereacquisitiontimeafterloss
of oneor moresatellitesignalscouldbeupto 40seconds,dependingon flightconditions
andactualconstellation.We wonderedwhetherandhowtheDopplereffectcouldaffect
thereceivercapabilitytotrackthecarrierphaseandrapidlyreacquirethesignalaftera loss.
ThetypicalequationusedtoexpresstheDopplershiftassociatedtoa certaininstantaneous
velocityalongthelineof propagationofthesignal,isthefollowing:
v
/1f =-.fc (9.21)
where:
/1f = frequencyshift;
velocityofthereceiver;
speedoflight(3.108m.S-I);
v
c
f transmittedfrequency(inourcase1575.42MHz).
TheDopplershiftdirectlyaffecthesignalacquisitiontimeofthereceiver,bothintermsof
frequencyof thecodeandfrequencyof thecarrier. In general,theacquisitiontime
increasesinpresenceofDopplershiftasshowninFig.9-31[8].
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Figure 9-31. MeanGPS acquisitiontimeas a functionof relativevelocity
withdifferentSNR's.
Consideringthecaseofonesatellitetracked,theDopplershiftisduetotherelativevelocity
of thesatelliteandthereceiver(i.e.,thedifferencebetweentheprojectionsof thevelocity
vectorsalongthesatellite-receiverdirection).Theworstcaseis, therefore,thatof an
aircraftflyingalongthelineofsight(LOS)tothesatellite,inwhichthefullvelocityvector
of theaircraftmustbeusedtodeterminetherelativevelocity(e.g.,withanaircraftflying
alongtheLOS tothesatelliteatavelocityof 350kts,theDopplershiftforLl is in the
orderof 10KHz).
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Analysisof GPSreceiverdatarecordeduringseveralf ightsanduptospeedof 500kts
highlightedthattheDopplereffectcausesa frequencyshift,withrespectto thecarrier
phaseL1,whichreachesamaximumvalueofabout15KHz.Thisvaluecanbeconsidered
risiblewithrespectto theGPSfrequencybandwidth(i.e.,about30MHz),andthehigh
dynamicharacteristicsof thePLL (PhaseLockedLoop)circuitinternalto thereceiver
guaranteethatneitherthedataaccuracyis degradednorthecarrierphasecanbe lost
becauseof theDopplershift.Nevertheless,it is hypothesisedthatthecouplingbetween
such frequencyshift and the signalreacquisitionstrategyof the receiversignificantly
affectsthe time necessaryto get dataaftera signalloss, evenwhena good satellite
configurationis available. A dedicatedstudymustbe carriedout in orderto deeply
investigateontheseaspects.
9.4.2.3 DGPS Altitude DataAccuracy
ComparingtheDGPSheightwiththemeasurementprovidedbytheon-board
radaraltimeter,itwasalsopossibletoevaluatethequalityoftheDGPSaltitudedata.For
thispurposeanumberofover-seastabilisedflightlegswereincludedinthetrials.
Theheightaboveterrainmeasuredbya RadarAltimeter(Radalt)is obviouslydifferent
fromthegeodetic(ellipsoidal)heightprovidedbytheGPS. Moreover,thereisnotafixed
relationshipbetweentheheightAMSL (AboveMeanSeaLevel)andthegeodeticheight.
Thisisduetoirregularitiesofthegeoid(i.e.,theequipotentialsurfacedefinedintheEarth
gravityfieldwhichcanbeapproximated,forsomepracticalapplications,toMSL).
Flyingoverthesea,theRadaltheightapproximatedtheAMSL height. The Geoid
separationwasunknown,buta certainuniformitywasobtainedflyingroundtracksovera
limitedarea(Le.,therewasanunknownbiasinthecomparison).
FourflighttestswerecarriedoutwithdifferentsatellitenumbersandPDOPrangingfrom2
to5. ThedifferencesbetweenDGPSandRadaltaltitudesweremeasuredintherange0+9
metres.Fig.9-32graphicallyshowstheDGPSandRadaltdatarecordeduringoneofthe
flights.ConsideringtheRadaltquotederrorof:t 3%(oftheheightdisplayed),theresults
ofthequalitativecomparisonofDGPSandRadaltdatawereconsideredsatisfactory.
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Figure 9-32. Comparisonof DGPS andradaraltimeterdata.
9.4.2.4 DGPSRangeDataAccuracy
A comparisonwasperformedbetweenslant-rangescomputedusingOGPS
dataandmeasuredwiththeCLOPmeasuredlaserange(LRF function).Particularly,the
slantrangesbetweentheaircraftandthetwoPILASTERtargetlocationsobtainedbyusing
GPSlatitude,longitudeandaltitudedata,werecomparedwiththelaserangeprovidedby
theCLDP forthesametwolocations.Thesatelliteconstellationforbothtestsincluded7
satelliteswithaPOOPvalueof3.2.ThecalculateddifferencesbetweenDGPSandCLDP
rangesfordistancesfromthefixpointuptoabout10km,areshowninFig.9-33.
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Figure9-33. DifferencesbetweenDGPS andlaserrange.
OnecannoticethathedifferencebetweencalculatedDGPSrangeandlaserangeisbelow
25muptoadistanceofabout10kmtothefixpoint.The"error"increaseswithdistance
mainlyduetotheworseningoftherangemeasurementsprovidedbythelaser.
9.4.2.5DGPSPositioningDataAccuracy
Someflight trialswerecarriedout in the PILASTER rangein which
cinetheodolites(CITE)wereavailabletoprovidetherequiredatumaccuracy(Le.,0.5m
nominalaccuracy).Oneof thedifficultyencounteredinthedataanalysisof thesetrialswas
thedifferenceofthegeodeticreferenceadoptedbythetwosystems(Gauss-BoagaforCITE
andWGS 84for GPS), andthetimedecorrelationof data(CITE providedhigherdatarate
thanGPS). Thefirstproblemwassolvedbyusingaco-ordinatestransformationsoftware,
whileforthesecondproblemaninterpolationwasrequiredof thevariousmeasurements
providedbytheCITE inonesecond(1HzwastheGPSdatarate).
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Dataanalysiswascarriedoutwithdatasamplescollectedin fivedifferentflights.The
accuracyfiguresodeterminedwere65.3mSEPstand-aloneCIA codeand5.7mSEPCIA
codedifferential.Thefoundaccuracieswerein factcomparabletothevaluesquotedby
ASHTECH(Le.,100mSEPstand-aloneCIA codeand3mSEPCIA codedifferential).
Furthermore,adedicatedflightsortiewasflowninordertoverifytheinfluenceofaircraft-
to-referencestation(RS)slant-rangeonOGPSsystemaccuracy(i.e.,spatialde-correlation
ofdifferentialcorrections).Forthispurpose,anumberofpre-definedgroundpointswhere
over-flown(5timeseach),andtheexactimeofover-flyingwasrecordedinflight(bythe
aircrew)andontheground.Theresultsofthe3-Dpositionerrormeasurementsobtained
withPOOP::;4areshowninFig.9-34.
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Figure 9-34. DGPS 3-Dpositionerrorwithincreasingdistancefromreferencestation.
Accordingtotheexperimentalresults,it wasconcludedthat,formostPILASTER flight
testandtrainingapplications,theDGPSerrorwasacceptable(Le.,<15m)if theaircraft-
to-RSslant-rangedidnotexceed100NM.
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9.4.3 Test/Training Mission Planning and Optimisation
As a resultof theanalysiscarriedout,somerecommendationshavebeen
formulatedin orderto optimisetheuseof DGPSasa positioningdatumduringflight
testingandtrainingmissionswithairbornelasersystems.Particularly,thefollowing
generalcriteriahavebeenidentified:
. 4satellitesalwaysinviewwithanelevationnear50°;
. 45°maximumbankangle;
. atleast20secofstabilisationbeforeandaftersignificantflightphases;
gradualheadingvariations;.
. aircraft-to-referencestationslant-rangenotgreaterthan100NM.
Followingthese'empiric'criteria,mostest/trainingtrajectographytasksinmissionswith
ALS's andLGW's canbeaccomplishedsuccessfullyattherange.However,ananalytic
methodbasedbothonexperimentalevidenceandaircraftdynamicsmathematicalmodels,
wasalsodevelopedforimplementationn PILASTER missionplanning/simulationt ols.
Thismethodalloweda-prioricalculationof theaircraftflightenvelopelimitations(Le.,
velocity,bankangle,enginepower,etc.)relatedwiththeuseof DGPSduringtestand
trainingmissionswithlasersystems.Themethodisdescribedbelow.
By simulationor flighttestingthe "CriticalBankAngle" (CBA) associatedwith a
particularaircraftor aircraftconfigurationcan be determined.For instance,the
TORNADO-IDSexperimentalCBA values(onedorsalantennandPDOP:5;4 ) aregiven
inFig.9-35.
TheCBA is likelytobereacheduringtheescapemanoeuvres(Le.,whenit is importantto
beableto tracktheaircraftpositionwithgreataccuracy).Furthermore,duringcomplex
trainingexercisesor in particulartestmissionsit is notpossibletomaintainstabilisedflight
conditionsbeforeinitiatingthe criticalturns,and the re-acquisitiontimesof currently
availablereceivers(i.e., 5 to 20 sec) are not compatiblewith most test/training
requirements.
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Fig. 9-35. TORNADO-IDScriticalbankangles.
A dedicatedstudyof theaircrafturningperformanceis thereforerequiredin orderto
determinetheenvelopelimitationsassociatedwiththeuseofDGPSduringtestandtraining
exercises.Thistaskcanbeaccomplishedbyknowingthefollowingdata:
aircraftstructuralcharacteristics(weightQ, wingsurface8);
polarcurvesforthevariousaircraftconfigurations[liftCdM), dragCD(M)];
thrustavailablein thevariousconfigurations(DRYandwith"afterburner"A-B);
atmospherecharacteristics(airdensityp, airtemperature1).
TypicalinputdatarequiredforperformanceanalysisareshowninFig.9-36.
Afteranalysis,thefollowingusefulresultsareobtained:
determinationftheenvelopeareasweretheCBA canbereached;
aircraftturningradiuslimitationsat variousaltitudesandwithvarIOUSengme
powersettings;
verificationof compatibilitybetweentheprofiles/proceduresrequiredfor testand
training(e.g.,the altitude/velocity/directionlimitationsobtainedfrom eye-safety
analysis/simulation),andtheCBA envelopelimitations.
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Fig- 9-36. Inputparametersforperformanceanalysis.
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Figure 8-7. ExperimentalarrangementforpropagationtestsatA=1550nm.
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8.2.3 Verification and Optimisation of EMT-1 and EMT-2
Duringtheinitialphasesof theexperimentalactivity,it wasunderstood
thatPhoenixNIR cameraframerateoptimisationwascrucialtodata cquisitionforboth
PILASTER techniques(EMT-1 and EMT-2), as well as to definitionof the DAS
(DigitalAcquisitionandDataRecordingSystem)memoryrequirementsforNIR camera
data recording. Furthermore,significantdifferenceswere observedbetweenthe
transmittancem asurementsobtainedusingEMT-l/EMT-2andthetransmittancevalues
predictedby mathematicalmodels.Thisaspectalsohadtobeinvestigatedto allow
practicalimplementationf EMT-I andEMT-2 atthePILASTER. Therefore,some
groundexperimentalactivitieswereperformedinorderto:
optimisetheNIR cameraframeratesfor dataacquisitionat thePILASTER with
state-of-the-artsystemshavingpulsedurationsPD < 20 ns andpulserepetition
frequencies(PRF) between10Hz and40 kHz (e.g.,10or 20 Hz for ELOP-PLD,
and40kHz forLOAS);
determinethecomputermemoryrequirementsforNIR cameradatarecordingat 10
Hz/20Hz (ELOP-PLD) and40kHz (LOAS);
evaluate/improvebothEMT-1andEMT-2formeasurementsatA=1064nm.
Phoenix NIR cameraframe rate optimisationwas carriedout with preliminary
calculationsandtwo separatedexperimentalsessionsperformedwith theELOP-PLD
andtheLOAS systems.Duringthesamesessions,it wasalsoverifiedthecompatibility
of the NIR cameraframerateswith the commercialPC memoriesinstalledin the
PhoenixDAS system. Evaluationof thePILASTER EMT-l/EMT -2 reliabilitywas
obtainedby performingvarioustestsessionswith thePLD system,usingEMT -CT.
With thiscontroltechniques,it wasalsopossibleto determineusefulcorrectionfor the
EMT-1andEMT-2measurementsatA=1064nm.
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8.2.3.1 NIR Camera Frame Rate Optimisation
AftertheinitialgroundtestswiththeNIR camera,itwasdecidedthathe
NIR cameraacquisitionwindowswerenot to be synchronisedwith the laserpulses
incidenton thetargetsurface.In fact,althoughtheNIR cameracouldbetriggeredby
thelaserpulsesincidenton thetargetusingthePILASTER instrumentation,a good
synchronisationbecameextremelydifficultevenat low PRF andalmostimpossibleas
thePRF increased(alsoduetotheexistenceof darkzonesintheNIR camera cquisition
windows). Thereforea preliminarystudywasrequiredin orderto determineoptimal
frameratesfor theNIR cameraacquisitionas a functionof theknown laserpulses
parameters.After that, someexperimentalsessionswere performedto verify the
validityof themodelsdeveloped.
8.2.3.2 Frame Rate Optimisation Analysis
Let us considerthe trainof pulsesshownin Fig. 8-8. The parameters
describingthetrainof pulsesarethepulseduration(r), thepulseperiod(Tp)andthe
PRF (f) givenby:
1
f=-
Tp
(8.14)
PD
I~I
~
I~
Figure8-8. Trainofpulses.
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TheNIR cameraimageacquisitionprocessis definedby theframeperiod(TF)andthe
correspondingframefrequency(fF)givenby:
1
fF=T F
(8.15)
Each frameconsistsof a 320x256pixelsmatrix. In general,theNIR camerareal
acquisitiontime(TA) is inferiorto thecorrespondingframingwindowdefinedby TF.
The differencebetweenTF andTAis theso calledcamera'dark-time'(Tdark)'For the
PhoenixcameraTdarkis 2%of theframeperiod(TF). Therefore:
Tdark=Tdark% .Tt =0.02.Tt (8.16)
TA =TF-0.02.Tt (8.17)
A schematicrepresentationof theNIR cameraacquisitionwindowsanddarkzonesis
presentedin Fig. 8-9.
~-------
~
Tdark
~
-=
J
TA
TF
Figure 8-9. NIR cameraacquisitionwindows anddarkzones.
SincetheNIR cameraframesarenotsynchronisedwiththelaserpulses,consideringthe
NIR cameracquisitionwindowsequenceasourtimebase(Tb),theinstantofarrivalof
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thefirstlaserpulse(reflectedfromthetarget)attheNIR camera(To)canbetreatedasa
randomvariable(seeFig.8-10).
To darkzone
i +
J! .1~~!1'2r-l. ..;LI
I
I
I
t
Figure 8-10.NIR cameraacquisitionwindowssequenceandlaserpulses.
Therefore,our optimisationproblemconsistsin determiningthe frameperiod (TF)
satisfyingthefollowingconditions:
Cond. 1 -+ Onlyonepulsehastobeacquiredinasingleframe.
Cond.2 -+ The probabilityof a laserpulsebeingentirelyor partiallyin the dark
zonesof the NIR cameraacquisitionwindows sequencehas to be
minimised.
To satisfythefirstcondition,weset:
TF ~Tp (8.18)
Sincewe consideras 'error'theeventof a laserpulsebeingtotallyor partiallyin the
'darkzones',we haveto takeinto accounthedurationof the laserpulses(r) in our
analysis.To simplifycalculations,wemodelthelaserpulsesaspureDirae-pulses(i.e.,
pulsesof zeroduration),simplyby addingrto thedarkperiods(Tdark)atthebeginning
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-
andat theendof theacquisitionwindows(Fig. 8-11).
'effectivedarktime'(TdarkAf)asfollows:
Therefore,we definethe
Tdark- e.lf= Tdark%TF+ T (8.19)
Figure8-11.Effectivedarktime.
Theresultingmodelusedforanalysisis shownin Fig.8-12.
..
Tp
ITF
Figure8-12.Modelusedfor analysis.
Having definedour referencewindowssequence,we haveto chosethe probability
distributionmodellingthe arrivalof a laserpulse into windowssequence.
TF :::;Tp, inasinglepulseperiodtheremaybevariousacquisitionwindows.
Since
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Error
Tdark- eff
II
I!
II
II
iI
Therefore,knowingthatinthetimeinterval[0;Tp]onlyonepulsehastobepresent,we
modelthetimeofarrivalofthelaserpulseasauniformrandomvariable(Fig.8-13).
Tarrivalpulse>- U(O,Tp) ~ J: =~
x Tp
llTp
\
~ L
0 Tp
Figure 8-13.Probabilitydistributionfor pulse timeof arrival.
Theerrorprobabilitywithvaryingh is givenby:
Perr= f ;dxdarkzones P (8.20)
Wehavethetwocasesdescribedbelow.
Case-1. Intheinterval[0;Tp]thereisanintegernumberofdarkzones.Thus,theerror
probabilitybecomes:
T
P =N dark_eiferr d
Tp
(8.21)
WhereNdis thenumberof darkzonesin theinterval[0;Tp].
Case-2. In theinterval[0;Tp]thereis adecimalnumberof darkzones(Fig. 8-14).
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TF"Trunk(T p"TF)
~~
..
TK
Tp ....
Figure 8-14.Decimalnumberof darkzones in theinterval[0; TpJ.
For our analysis,Case-2representsthegeneralcase(i.e., includesCase-I). As we
noticein Fig. 8-14,wehaveanintegernumberof darkzonesplusa fractionof darkzone
partiallyincludedintheinterval[0;Tp]. Therefore,if welet:
TK = TAl +Trunk(Tp /TF )] - TdarkAf (8.22)
theerrorprobabilityinthegeneralcaseisgivenby:
Perr= Trunk
(
Tp
J
Tdark- eif +
[
~TJdx
J
.b
TF Tp Tp TK
(8.23)
whereb is aBooleanvariableof theform:
{~if Tp -T++Trun{~J]+TB"'"'ff{:~
(8.24)
Therefore,weobtain:
P.rr=
[
Trunk(Tp/ TF)+1- {Tp +TBu;o eif -TAl +Trunk(Tp/ TF)]}.b
]
Tdark- eif
Tp - Tp
(8.25)
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wherethenumberof darkzonesintheinterval[0;Tp]is:
N D =Trunk(TpjTF )+;{Tp + TdarkAl -TF [1 +Trunk(Tp/ TF)]}.bp (8.26)
Substitutingeq.(8.19)intoeq.(8.25),takingintoaccountheeq.(8.24),we obtainthe
expressionsof Perrlistedin Table8-2,wherethefunctionPerrhasbeendefinedwithN =
1,2,3...
TF Perr
Tp +rpulse <TF <Tp
2(1- Tdark%/2)
T r pulseBuio%T +-
-F TTp p
Tp + " pulseTp T <
( /2)2 < F 21-Tdark% [
Tdark% T rpulse
)
- F+- X
Tp Tp
[
Tp + (Tdark%-2)Tp + r pUlsee
]
X 1+
"pulse+ Tdark%TF
. .
. .
. .
Tp +"pulse T Tp< <-
(N +IXI-Tdark%/(N+1)) F N
N
[
Tdark%TF + "pulse
)Tp Tp
Tp Tp+rpulse-<T <
(N +1) F (N +1)[1-Tdark%/(N +1)]
N
[
Tdark%TF + T pulse
)
X
Tp Tp
[
Tp + (Tdark% - (N + 1))Tp + "pulse
J
X N+
T pulse+ Tdark%TF
. .
. .
. .
Table8-2. Error probability{Perr}equationsin thedefinitionintervals.
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The functionPerncalculatedforf= 10Hz andTpulse= 19nsec(ELOP-PLD system)is
shownin Fig.8-15.
----
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Fig. 8-15. NIR cameraerrorprobabilityfunctionforf= 10Hz.
In general,therelativeminimumsof theerrorprobabilityfunctionarefoundfor:
Tp + Tpulse
TF ~ (N+1{1-~~~J
(8.27)
givingthefollowingvaluesofPerr:
P Tp +T T NErr=N pulse dark%+ Tpulse
(N +1{1- Tdark%
J
Tp -r;
'\ N+l
(8.28)
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Theabsoluteminimum(optimal)valueof Perrisfoundfor:
Tp +, pulse
TF opt=
( Tdark%2 1--
2
(8.29)
gIvmg:
- Tp+, pulseTdark%+ 'pulsePErr opt-
(
T
)
T Tp2 1- dark% p
2
(8.30)
In mostcasesof practicalinterest,andparticularlyfor boththeELOP-PLD andLOAS
systems(Le., 'pulse< 20 ns and 10 Hz <f < 40 kHz), we havethat Tp »> 'pulse'
Therefore,theequations(8.29)and(8.30)become:
Tp +, pulse Tp Tp
TF opt=
( 1 ==
(
'\ ==-
- 2 1-Td;k% J 2 1-Td;k% 2
(8.31)
P = Tp +'pulse .Tdar/C'1o +'pulse == Tp .Tdar/C'1o==Tp .Tdar/C'1o= Tdar/C'1o(8.32)
Err_opt ( rp \ T T ( T \ T 2 T 2pp", dar/C'1o1 P p
Let us now try to interprethebehaviourof thefunctionPerrtakingintoaccountthe
physicsinvolved.Weknowthattheerrorprobabilityis a functionof thetotaldarktime
(Le., the sumof all dark intervalsin the acquisitionwindows)in the pulseperiod.
Therefore,we deducethatincreasingthenumberof acquisitionwindowsin thesame
pulseperiodwould producemoredark intervals(i.e., the overalldark time would
increase),withtheconsequencethatPerrwouldalsoincrease.This is confirmedby the
generaltrendof thePerrfunctionwhichdecreasesasTFincreases.However,wehaveto
explainwhythefunctionPerrexperiencesuddenincreasesatthepointswhereTp is a
multipleintegerof TF.
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Usingeq.(8.19),consideringthatTdark%=2% for theNIR camera,andthat 'pulse< 20
nsec,wecanwrite:
Tdark_eff= Tdark%TF+, pulse==Tdark%TF (8.33)
Therefore,sinceTdarkAfisa fraction(Tdark%)of theacquisitionwindow,in theparticular
caseswhereTp is a multipleintegerof theacqusitionwindow,thetotaldarktimedoes
notvary. In fact,if we considern windowsin theinterval[0;Tp],wewill haven dark
intervals,withatotaldarktimegivenby:
Tdark_tol= nTdark%TFI (8.34)
Obviously,for n = 1 Tdark_tol=Tdark%TF,but TF =NTF] and,therefore,asthetotaldark
timedoesnotvary,theerrorprobabilityisthesame.Thisiswhyallpointsofmaximum
havethesamevaluefor TFfarfromzero. As TFgetsclosertozero,'pulsebecomes
significant,butthisis acharacteristicnotusefulforouranalysis.Therefore,thegraphin
Fig. 8-15tellsusthat,witha givenTp,thevalueof Tdark_tot(andTdarkAf)decreasesasTF
decreases,upto thepointwherethedarkzoneof thelastframeenterstheinterval[0;
Tp]. Whenthishappens,Tdark_tot(andTdarkAf)goesbacktothepreviousvalue,butthen
immediatelystartstodecreaseagain.Consequently,theminimumof Perrdoesnotoccur
exactlyatTF= Tp/2,butforavalueof TFabitgreaterthanTp/2,whichwouldguarantee
thefirstpulsetobejustoutsidethedarkzoneofthesecondframe(Fig.8-16).
. TF ~
pulse
+
Tp
.1.
Figure 8-16. Conditionof minimumerrorprobability.
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We cannow selecttheoptimalframerate(FF_opt)forf= 10Hz (Le.,ELOP-PLD Band
n° 1). As explainedbefore,if theTFcouldbesetatexactlyTp/2minusa smallquantity
(e.g.,TF= (Tp/2)-1O-4),ouroptimisationproblemwassolved.However,asTF (andFF)
is affectedby instability(Le.,a variance(J"TFin theorderof 10-4secaboutthenominal
TF),inordertoavoidapossibleincreaseof thePernit is convenienttochoseouroptimal
TFatabout2(J"TFfromtheTp/2point. This is shownin Fig. 8-17,whereit is evidenced
thatthe TF instabilitymay causethe errorto be maximisedfor a valueof TF not
sufficientlygreaterthatTp/2(Case1). The improvement(reductionof Perr)is evident
with TF =2(J"TF+Tp/2(Case2). Therefore,in termsof framerateoptimisation,we can
write:
FF _opt= 2(1 - (J"FF) (8.35)
Error Probabilityvs FramePeriod
-f =10Hz -
Case 1 - High Perr
/
~ Case2-LowPerr
0
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Figure 8-17.Effectsof TFuncertaintyonPerrforf= 10Hz.
As thePerrfunctionand(J"TFdonotvarysignificantlyuptof= 345Hz for full frameNIR
cameraacquisition,thesameoptimisationcriteriaappliesforf= 20Hz (Le.,ELOP-PLD
Bandn°2).
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Letus nowconsiderthecaseoff =40kHz (i.e.,LOAS system).In thiscase,the
functionPerrpreviouslydefined,hasthebehaviourshownin Fig. 8-18. Again,thefirst
partof thefunction,whereTFis stillclosetothepulseduration,is notinterestingforour
analysis.Wenoticethat,alsoin thiscase,theminimumPerrisfoundfor a TFof about
Tp/2.However,asinthiscasethevarianceof TF((J"TF)is in theorderof about10-5sec,it
is conveniento chosea TF intermediatebetween
Therefore:
Tp/2 and Tp (see Fig. 8-18).
TF on/'= ~Tp
_r 4
(8.36)
FF_op/=1-f
(8.37)
Error Probability vs Frame Period
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Figure8-18. Effectsof TFuncertaintyon Perrforj= 40kHz.
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The resultsof the framerateoptimisationanalysis,referredto thetwo boundary
conditionsf=10Hz (i.e.,ELOP-PLD)andf=40kHz(i.e.,LOAS)aresummarisedin
Fig.8-19.
Error Probability vs FramePeriod
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Figure 8-19.Resultsof NIR cameraframerateoptimisation analysis.
8.2.3.3 FrameRateOptimisationTests
In ordertoverifytheresultsof theoptimisationanalysis,andto findgood
compromisesfor theNIR cameraFF applicabletotherealcases,twodedicatedground
test sessionswereperformedusingthe PLD and LOAS systems,with laserpulse
repetitionfrequencies(f)of 10Hz,20Hz (ELOP-PLD) and40kHz (LOAS).
8-Z7
Fromeq.(8.35),theoptimalFF forf= 10Hz wasabout19.9997Hz, andfor f= 20Hz
wasabout39.9997Hz. However,astheNIR cameraFFsettingswereonlypossiblewith
stepsof 0.5Hz, to avoidsuddenincreasesof Perr(seediscussionin paragraph8.1.1.1),
FF was setto 19.5Hz in thefirstcaseandto 39.5Hz in thesecondcase. From eq.
(8.37),theoptimalFFforf= 40kHz (LOAS system)wasabout53kHz. Unfortunately,
theupperFF limitof thePhoenixNIR camerawithDAS was38kHz in smallestwindow
(2 x 128pixels)and345in full frame(320x 256pixels). Therefore,in thiscaseit was
notpossibletousetheNIR cameraforfull framedatarecording(andthereforeforEMT -
1andEMT -2 implementation),becausethefull framewasacquiredatsucha low rate
(345Hz) thata greatnumberof laserpulsesenteredthe sameacquisitionwindow.
Furthermore,evensettingFF to themaximumvaluefor thesmallestwindow(e.g.,for
lasertransmissioneventrecordingand experimentalPRF determination),we hadto
accepta largeerrorprobability.In thiscase,in fact,therelativelylargevarianceof TF
didnotallowoptimisationof Perr.Therefore,for thetwotestsessionsFF wasinitially
settothevalues:
FF_JO=19.5Hzinfullframewithf=10Hz(ELOP-PLD);
FF_20=39.5Hz in full framewithf= 20Hz (ELOP-PLD);
FF_40k=38kHzinsmallestwindowwithf=40kHz(LOAS).
Thekeyparameterusedforevaluatingtheperformanceof thePhoenixNIR camerawas
thepercentageof AcquiredPulses(%AP) withrespectothetotalnumberof laserpulses
transmittedin a certainPulseTrainDuration(PTD). ResultsrelativetotheNIR camera
testsperformedwiththeELOP-PLD systemarepresentedin Table8-3.
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Table8-3. PhoenixNIR CameraFFTestsResults (f= 10Hz and20Hz).
Resultsrelativeto thePhoenixNIR cameratestsperformedwiththeLOAS systemare
presentedin Table8-4.
Table8-4. PhoenixNIR CameraFFTestsResults (f=40kHz).
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ELOP-PLD Parameters PHOENIXNIR
PRF PTD 7: FF %AP
10s 19ns 19.5Hz 67%
30s 19ns 19.5Hz 62%
10Hz
60s 19ns 19.5Hz 71%
120s 19ns 19.5Hz 65%
10s 19ns 39.5Hz 63%
30s 19ns 39.5Hz 68%
20Hz
60s 19ns 39.5Hz 52%
120s 19ns 39.5Hz 58%
ELOP-PLD Parameters PHOENIXNIR
PRF PTD 7: FF %AP
10s 5ns 38kHz 17%
30s 5ns 38kHz 12%
40 kHz
60s 5ns 38kHz 19%
120s 5ns 38kHz 18%
8.2.3.4 Determination of DAS Memory Requirements
ThePhoenixNIR cameraDigitalAcquisitionSystem(DAS), employedat
the PILASTER STU, was basedon commercialPC technology. Therefore,before
performinggroundandflightexperimentalctivities,it wasessentialto definetheDAS
memoryrequiredfor recordingthedigitalframesacquiredby theNIR cameraduring
representativet st/trainingmissions.Theduration(D) of typicaltest/trainingrecording
sessionswasidentifiedbetween10and120seconds.Themaximumframerateof the
PhoenixNIR camera(withDAS) is 38kHz. Eachframeis composedbyR =320x 256
pixels,andeachframeoccupiesmemory14bits(greyscaleimages).Therefore,in the
absenceof anydatacompressionandneglectingthefewbitsintroducedbytheIMAGE-
PRO PLUS imagingsoftware,thedataflow fromthecamerato thePC, consideringa
typical5%incidenceof thecommunicationflagbits,weobtain:
Fdata=FF .R .14.1.05 bit/sec (8.38)
Thememoryrequiredforacquisitionisgivenby:
M =D.Fdata
8
Byte (8.39)
For instance,for D = 120secsandFF = 39.5Hz (e.g.,optimalFF for ELOP-PLD in
Bandn°2),consideringafull framedataacquisition,weobtain:
120 sec.47.6Mbit/sec =::713.50MByte
M= 8 -
Consideringa 38 kHz dataacquisitionin smallestwindow(R = 2 x 128pixels),
assumingD =120secs,weobtain:
120 sec.143Mbit/sec =2.15GByte
M= 8
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A graphshowingtheDAS memoryrequirementsasa functionof missionduration,for
variousrepresentativeframerates,is shownin Fig.8-20.
DAS Memory Requirements
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Figure 8-20. DAS computerhard-diskmemoryrequirements.
Therefore,astheDAS memoryrequirementswerefulfilledbycommercialtechnology,a
standard40GBytePC hard-diskwasinstalledinthePhoenixDAS computer.
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8.2.4 EMT-CTSessionsatA=1064nm
UsingtheELOP PLD system,operatingatA = 1064nm,preliminary
groundtestswereperformedusingtheEMT-CT. Particularly,thelasersource(ELOP-
PLD) andtheNIR camerawereplacedveryclosetothetargetsurface(i.e.,100mand
80mrespectively)inadaywithverygoodvisibility(V=34km)andlowhumidity(RH
=41%atT=15°C). Duringtheexperimentwiththiscontroltechnique,thePLD laser
wasactivated10timesforperiodsof30seconds.Foreachtestsession,aminimumof
25 spotimageswererecorded(andat least2 PEP readingsfor eachspotimage).The
maximumandminimumdifferences(GmaxndGmin)observedbetweentheenergyvalues
obtainedusingEMT-1/EMT-2 andthePLD outputenergyarereportedin Table8-5.
Table8-5. DifferencesbetweenPLD outputandPILASTER measurements.
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EMT-1 EMT-2
Session
&max t:min t:max t:min
1 -27.12% -12.51% -11.03% -4.86%
2 -19.34% -7.34% -10.47% -5.12%
3 -28.06% -18.64% -13.95% -6.65%
4 -33.24% -15.04% -14.76% -10.23%
5 -28.29% -19.12% -12.79% -8.49%
6 -18.02% -10.27% -9.87% -4.22%
7 -21.13% -18.35% -13.57% -9.43%
8 -15.90% -11.67% -11.70% -7.42%
9 -34.69% -8.78% -9.07% -6.43%
10 -27.42% -10.18% -8.48% -5.54%
BothEMT-1andEMT-2gaveunderestimatedvaluesoftheincidentspotenergy(i.e.a
negativesystematicerror).InmanycasesEMT-1couldonlyprovideroughestimations
ofthelaserspotenergy,withsignificantdiscrepanciesbetweenthevarioustestsessions
(i.e.,-34.69%maximumand-7.34%minimumerrors).Ontheotherhand,usingEMT-2
theerrorneverexceeded-14.76%withanobservedminimumerrorof -4.22%. These
errorswereduetosensorsdetectionthresholds,lossof somespotfringesin theNIR
imagesduetobackgroundnoise,andothersystematicor randomerrorsaffectingboth
techniquesEMT-l/EMT-2andtheEMT-CTitself.
Cumulatingtheexperimentaldatarelativeto thevarioustestsessions,two samplesof
300errormeasurementswereformed,relativeto theEMT-1 andEMT-2 errors.These
datawerestatisticallyanalysedin orderto determinecorrectionsfor themeasurements
performedusingthetwo techniques.Thenormalityof thedatasampleswasverified
usingstandardstatisticaltechniques(Le.,i tests).Thevaluesof meanandstandard
deviationcalculatedfor theerrorsamples(s)andthe95%confidenceintervals(Cl) for
the mean(f.1)and standarddeviations(0")calculatedfor the correspondingnormal
populationsarereportedin Table8-6. The 95%Cl for f.1and 0" werecalculatedas
follows:
s
x-I. 96 s <f.1<x +1.96J n- 1n-1 (9.27)
s s
[l+(~)ra< [l-(~)]
(9.28)
Fig. 8-21 shows the Probability Density Functions (PDF) obtainedfrom the
experimentaldata.
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Table 8-6. Resultsof errorsstatisticalanalysisfor EMT-1andEMT-2.
Error PDF for EMT-1 and EMT-2
EMT-CT at A =1064 nm
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Figure 8-21. Error PDF for EMT-1andEMT-2.
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EMT-1 EMT-2
Mean(%) SD (%) Mean(%) SD (%)
Sample xI =-17,57 SI =3,54 x2=-9,29 S2=2,47
Pop. 95% Cl -18.06 <J1<-17.08 3.28 <()< 3.85 -9.57 <J1<-9.01 2.29 <()< 2.68
Usingtheseresults,itwaspossibleto improvethereliabilityof thetwotechniques.This
was doneby applyinga correctionfactorin thetransformationfromtheNIR camera
greyscalePixel IntensityMatrix (PIM) to thecorrespondingEnergyIntensityMatrix
(ElM). ThecorrectionfactorsCl andC2(forEMT-I andEMT-2 respectively)were:
Cl =1+IXII=1.1757 (9.29)
C 2 =1+ IX21=1.0929 (9.30)
The ELOP-PLD factorydatagavea ProbableError (PEpLD)of :t4% for the system
energyoutputdueto instability,aging,etc.(Le.,BOmJ :t4%).Consideringtheresultsof
ouranalysis,sincePE =0.6745.0;weobtainedPEI =:t2.39%andPE2=:t1.67%for
EMT-l andEMT-2 respectively.Therefore,accumulatingtheerrors,thePE of the
measurementsperformedusingthetwotechniques(PEMI,PEM2)werethefollowing:
PEMI =)PEpW2 +PEI2 =:t4.66% (9.31)
PEM2=)PEpw 2+PE/ =:t4.33% (9.32)
8.2.5 PropagationTrialsResults
AftertheinitialtestphasedevotedtoPILASTER measurementtechniques
verificationandoptimisation,actualextinctionmeasurementtrialswereperformedatthe
PILASTERrangeusingEMT-l/EMT-2forA=1064nm(ELOP-PLD)andEMT-3forA
= 1550nm(LOAS). Mostofthetestactivitieswerecarriedoutduringfall,springand
summerintheyears2002and2003.PropagationtestsatA=1064nmwereperformed
in dryweatherconditions,whiletestsatA= 1550nmwereperformedinbothdryand
rainyweatherconditions.Testconditionsandresultsarepresentedbelow.
8-35
8.2.5.1 Propagation Trials at A = 1064 nm
PropagationtrialsatA = 1064nmwereperformedusingthePILASTER
modulartargetlocatedattheCasaMarongiusiteandtheELOP-PLD lasersystem
positionedalongthetargetnormalatadistanceof2.5km,4 kmand5.5km. Thetarget
MeanSeaLevel(MSL)altitudewasabout500mandthemaximumaltitudedifference
betweenthelasertransmitterandthetargetwasabout140m ata distanceof 5.5km.
Thegeometryof theA = 1064nmpropagationtestsperformedatthePILASTER range
areshownin Fig.8-22. Table8-7showstherelevantdatadescribingthemeteorological
conditionsin whichtheatmosphericpropagationmeasurementswereperformed(dry-air
conditions).Thevarioustestcaseshavebeengroupedforclassesof visibilityandthe
correspondingInternationalVisibilityCode (IVe) classesare reported. When
significantvariationsof T and/orRHwereobserveduringthemeasurements,onlythe
averagevaluescalculatedin the relevanttime intervalshavebeenreported. The
prevailingwinddirection/intensityduringthemeasurementsis listedwith respectothe
laser to targetslant-path(usualcounter-clockwiseconvention). The valuesof the
TurbulenceStructureConstant(Cn) weredeterminedusingtheScintecBLS900 laser
scintillometer,with a measurementbaselineof 5 km betweentransmitterandreceiver
(alongthetargetnormal).
For each case listed in Table 8-7, a minimumof 25 energymeasurementswere
performed(samplesof25 to50laserspotmeasurementswereused)usingatleasttwoof
theELOP-PLD locationsshownin Fig. 8-22.Dry-airextinctiontestswereperformedin
allmeteorologicalonditionslistedinTable8-7onlywithasystemtotargetslant-range
(SR)of2.5km. WithSR=4kmandSR=5.5km,extinctiontestswereperformedina
representativesub-setof dry-airmeteorologicalconditions. Rainextinctiontestswere
notperformedatA= 1064nm.
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Figure 8-22. Geometryof atmosphericpropagationmeasurementsat,4,=1064nm.
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Transmittanceandextinctioncoefficientvaluesrelativetothevarioustestcases(Le.,
meteorologicalconditionslistedinTables8-7),calculatedusingtheESLM modelwith
SR=1km,arelistedinTable8-8.
Table8-7. Meteorologicaldatafor dry-airpropagationmeasurementsatA =1064nm.
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Group Case V RH T Cn Cloud Wind IVC
(km) (%) roC) (o/kts)
I A 2.5 82 24 6.77*10-8 6/8 %
B 3.0 85 15 1.80*10-8 5/8 % Haze
C 3.5 76 23 9.86*10-7 7/8 92/2
11 A 5 73 25 8.79*10-8 3/8 %
B 6.0 66 27 6.67*10-8 4/8 237/3
C 7.0 68 7 1.82*10-7 7/8 %
Light Haze
11/ A 8.0 67 24 8.96*10-8 3/8 %
B 8.5 58 28 6.70*10-8 3/8 120/5
C 9.0 64 30 2.92*10-7 4/8 %
IV A 10.0 51 20 7.16*10-7 2/8 40/6
B 10.5 58 28 1.87*10-7 1/8 95/12
C 11 51 18 6.39*10-8 2/8 120/8
D 12.5 48 32 8.56*10"7 3/8 %
Clear
V A 14.5 52 18 1.09*10-8 2/8 22/4
B 15.0 44 32 4.87*10-7 3/8 320/7
C 18.5 56 24 7.98*10-8 0/8 35/5
VI A 20.5 40 31 4.49*10-8 0/8 %
B 22.5 41 35 5.87*10-7 2/8 25/8 Vel)/"Clear
C 25.0 47 35 7.56*10-7 1/8 125/1O
D 34.0 35 32 6.84*10-8 0/8 15/7
vVI
IVC Categ.
Haze
Light
Haze
Table8-8. Calculatedextinctioncoefficientsfor dry-airconditions(SR =2.5 km).
The extinction coefficientsin Table 8-8 were computedfrom ESLM model
transmittances,usingthesimpleequation:
lnr
r =- SR (8.33)
However, it is importantto observethat, althoughthe ESLM model provides
independentestimatesof bothabsorptivetransmittance(rai)andscatteringtransmittance
range.
(rSi),onlythescatteringcontributiontotheextinctioncoefficient(Ysi)is independentof
We shouldremember,in fact, that the total precipitablewater in mm is
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Clear,,",,' '7' " ,-"
A 0.652 0,171
B 0.622 0,190
C 0.675 0,157
A 0.688 0,149
B
Vety
0.684 0,152
Clear
I
0.687
I
0,150
0.755 0,112
w =SR.AH (whereSR is theslant-rangein kmandAH is theabsolutehumidityin
g/m\ andAH isapproximatedby:
AH=1322.8RHex
[
25.22(T-273.16)-5.31ln
(
T
)]T P T 273.16
(8.34)
Accordingto theESLM model,asw < 54 in all caseslistedin Table8-7,theESLM
absorptivetransmittanceis givenby:
Tai = e -0.0363.";; (8.35)
Therefore,in thiscase,theabsorptivextinctioncoefficient(rai) is givenby:
1
r
. =0.0363.AH. JSRGl
(8.36)
wherethe SR dependencyof rai is evident(obviously,for SR = 1 km themodelrai
becomesa functionofAH only). For instance,withSR= 10km,themodelraiis about
onethirdof thevaluecalculated,withthesameRH andT conditions,withSR=1km.
Inotherwords,theESLMempiricalmodelimpliesarangedependencyoftheextinction
coefficient,whichpreventsadirectcomparisonsof theexperimentalrvaluesfoundata
certainSR with rvaluespredictedormeasuredata differentSR. Althoughthisappears
asa limitationoftheESLM modelforpracticalapplications,forall SRconsideredwe
determinedTfromNIR-cameraenergymeasurementsandr usingequation(8.33),and
comparedthecalculatedvalueswiththeexperimentalresults.Therefore,for eachSR,
differentsetsof correctionswerecomputedsimplyby comparingthepredictedESLM T
andrvalueswiththeexperimentaldata.
Sincethe initial phasesof the testactivity,datacollectedin variousmeteorological
conditionsand with variouslaserslant-paths,demonstratedmoderatediscrepancies
betweentheextinctionmeasurementsperformedwithEMT-1 andEMT-2 (i.e.,8%
maximumdifference,afterElM correctionwithCl andC2).Furthermore,usingthetwo
techniques,no significantcorrelationwas observedbetweenthe differencesin the
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measurementsandthelengthsof thelaserslant-pathsusedto gathertheexperimental
data. Table8-9 showstheresultsof transmittancemeasurementsperformedusingthe
EMT -2 techniquefor a laserslant-pathof 2.5 km, comparedwith ESLM model
computations.
Table8-9. TransmittancedataandESLM modelcorrections(A=1064nm-SR =2.5 km).
In all cases, the measuredtransmittancevalues (Le., averageof 25-50 spot
measurements)weregreaterthanthevaluescomputedusingtheESLM model. The
observeddifferencesbetweenmeasuredand ESLM transmittancesvaried between
10.52%and 16.64%.The ESLM transmittancemodelcorrectionscomputedfor each
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Group Case IVC Experim.T ModelT Error Group IVC Cat.
Categ. (%) Corr. Corr.
I A 0.088 0.077 14.91 1.149 1.149
B Haze 0.146 0.127 15.15
C 0.192 0.168 14.57
11 A 0.331 0.287 15.46 1.150 1.141
B 0.406 0.351 15.69
C
i...ight 0.510 0.448 13.80
11/ A Haze 0.513 0.455 12.80 1.131
B 0.537 0.470 14.20
C 0.535 0.476 12.40
IV A 0.630 0.549 14.58 1.140 1.132
B 0.597 0.532 12.17
C 0.666 0.583 14.23
D Clear 0.662 0.575 15.14
V A 0.737 0.652 13.00 1.125
B 0.704 0.622 13.20
C 0.751 0.675 11.20
VI A 0.765 0.688 11.14 1.113 1.113
B
Very
0.767 0.684 12.16
C Clear 0.760 0.687 10.52
D 0.840 0.755 11.27
groupandforeachIVe categoryarealsolistedinTable8-9. It is evident,lookingatthe
resultsin Table8-9andattheirgraphicalrepresentationi Fig. 8-23,thatthedifference
betweenpredictedandmeasuredtransmittancedecreasesignificantlyas atmospheric
visibilityincreases.
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Figure 8-23.ESLM modelerrors(transmittance)for SR =2.5km.
Table8-10presentsthesameresults(SR =2.5km)intermsof extinctioncoefficient.
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Table8-10. Extinc.coeff.dataandESLM modelcorrections(A.=1064nm-SR=2.5km).
Experimentaldataanderrorcomputationsrelativeto themeasurementsperformedwith
SR =4 kmandSR =5.5kmarepresentedin Tables8-11to 8-14. Althoughwiththese
SR's measurementswerenotperformedin all meteorologicalconditionslistedin Table
8-7,lookingattheavailabledatait appearsevidenthattheESLM modelerrors,bothfor
transmittanceand extinctioncoefficientcalculations,arecomparablewith the errors
computedforSR =2.5km.
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Group Case IVC Experim.r Modelr Error Group IVC Cat.
Categ. (km-1) (km-1) (%) Corr. Corr.
I A 0.967 1,025 -5.64 0.923 0.923
B Haze 0.757 0,824 -8.09
C 0.647 0,714 -9.34
11 A 0.437 0,500 -12.62 0.857 0.846
B 0.360 0,419 -14.15
C
Light 0.269 0,321 -16.10
III A Haze 0.265 0,315 -15.99 0.836
B 0.249 0,302 -17.59
C 0.250 0,297 -15.75
IV A 0.186 0,240 -22.70 0.772 0.750
B 0.207 0,252 -18.20
C 0.163 0,216 -24.66
0 Clear 0.165 0,221 -25.47
V A 0.122 0,171 -28.57 0.728
B 0.140 0,190 -26.11
C 0.115 0,157 -27.01
VI A 0.107 0,149 -28.24 0.692 0.692
B
Very 0.106 0,152 -30.21
C Clear 0.110 0,150 -26.64
0 0.070 0,112 -37.99
Table8-11. TransmittancedataandESLM modelcorrections(A,=1064nm - SR =4 km).
Table 8-12. Transmittance data and ESLM model corrections (A,=1064nm - SR =5.5 km).
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Group Case IVC Experim.T Model T Error Group IVC Cat.
Categ. (%) Corr. Corr.
11 A 0.179 0.147 17.88 1.214 1.213
C Light 0.351 0.290 17.39
III B
Haze
0.384 0.323 15.92 1.212
C 0.410 0.332 18.96
IV A 0.489 0.406 17.03 1.192 1.168
B Clear 0.463 0.393 15.18
V C 0.652 0.570 12.52 1.143
VI A Very 0.681 0.590 13.34 1.154 1.154
Clear
Group Case IVC Experim.T Model T Error Group IVC Cat.
Categ. (%) Corr. Corr.
11 B 0.143 0.118 20.78 1.252 1.280
C Light 0.233 0.188 19.48
III B
Haze
0.285 0.224 21.48 1.308
C 0.314 0.234 25.45
IV A 0.381 0.303 20.42 1.259 1.255
B 0.371 0.294 20.69
Clear
V A 0.537 0.439 18.30 1.252
B 0.527 0.412 21.82
VI B Very 0.611 0.512 16.18 1.181 1.181
D
Clear
0.726 0.621 14.41
Table8-13.Extinc.coeff.dataandESLM modelcorrections(A.=1064nm-SR =4 km).
Table8-14. Extinc.coeff.dataandESLM modelcorrections(A.=1064nm-SR =5.5 km).
TheESLM modelerrorsfor computingy,relativetothevarioustestcasesareshownin
Fig.8-24. TheerrortrendswerenotsignificantlyaffectedbythesystemtotargetSR
and,in all cases,theESLM modelalwaysover-estimatedtheextinctioncoefficient(i.e.,
under-estimatedtransmittance).Therefore,theexperimentalresultsarenot in contrast
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Group Case IVC Experim.r Modelr Error Group IVC Cat.
Categ. (",.1,) Corr. Corr.
/I A 0.430 0.480 -10.40 0.872 0.849
C tight 0.262 0.309 -15.30
/11 B
Haze
0.239 0.283 -15.48 0.827
C 0.223 0.276 -19.17
IV A 0.179 0.225 -20.59 0.810 0.787
B Clear 0.192 0.233 -17.45
V C 0.107 0.140 -23.50 0.765
VI A Very 0.096 0.132 -27.19 0.728 0.728
Clear
Group Case IVC Experim.r Modelr Error Group IVC Cat.
Categ. (%) Corr. Corr.
/I B 0.346 0.388 -10.80 0.881 0.850
C Light 0.264 0.304 -13.00
III B
Haze
0.228 0.272 -16.16 0.818
C 0.211 0.264 -20.20
IV A 0.176 0.217 -19.09 0.809 0.774
B 0.178 0.223 -19.29
Clear
V A 0.113 0.150 -24.71 0.738
B 0.116 0.161 -27.66
VI B Very 0.090 0.122 -26.53 0.703 0.703
D
Clear
0.058 0.087 -32.95
withthe 1/.JSR dependencyof Yaiimplied in the ESLM empirical model. The under
estimationof, canbeexplainedobservingthattheESLM modelis a twocomponents
model (Le., scatteringtransmittance'si and absorptivetransmittance'ai) whose empiric
equationswerederivedfromindependentscatteringandabsorptionmeasurements,in
whicheitherabsorptionor scatteringwereneglecteduetotheparticulartestconditions.
On theotherhand,theeffectsof turbulenceandotherlinearandnon-linearpropagation
phenomenanot includedin theESLM model,did notseemto significantlyaffectthe
energymeasurementsperformedusingEMT -2 andtheELOP-PLD lasersystemin the
specifiedtestconditions.
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Figure 8-24. ESLM modelerrorsfor computationof r(A =1064nm-SR =2.5 km).
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8.2.5.2 PropagationTestsatA =1550nm
PropagationtestsatA = 1550nmwereperformedusingEMT-3,withthe
geometryillustratedin Fig. 8-7. The parametersdescribingthe meteorological
conditionsduringthetestsarelistedintheTables8-15and8-16.
Table8-15. Meteorologicaldatafor dry-airpropagationmeasurementsatA.=1550nm.
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Group Case V RH T Cn Cloud Wind IVC
(km) (%) (°C) t/kts)
1 a 3.0 82 25 7.45*10.8 5/8 92/8
4.49*10.8
Haze
b 4.0 85 21 3/8 95/2
2 a 7.0 78 22 5.27*10.8 5/8 %
b 8.0 67 25 7.30*10.7 2/8 120/5 Ligfjt.Haze
c 9.0 72 29 2.65*10.8 4/8 45/8
3 a 12.0 61 23 3.15*10.8 3/8 %
b 15.5 49 31 5.90*10.8 0/8 % Clear
c 18.0 55 28 7.66*10.7 0/8 70/2
d 20.0 57 30 5.23*10.7 2/8 54/11
4 a 22.5 52 31 5.80*10.7 0/8 %
b 24.0 44 35 4.65*10.7 0/8 130/6 VerY/Clear
c 28.0 57 35 6.40*10.8 2/8 46/7
Group I Case I V I
RH
I
T
I
Cn Wind
Rainfall I Typeof Rain
(km) (%) (OC) (o/kts) (cm/hr)
5 a 3.0 I 100 I 10 I 3.22*10.7 23/4 2.10
b I 5.0 90 12 I 5.90*10.7 122/10 1.45
8.12*10.8 15/5 0.30
Table8-16. MeteorologicaldataforpropagationmeasurementswithrainatA.=1550nm.
Theextinctioncoefficientscalculated,foreachcaselistedintheTables8-15and8-16,
usingtheESLM model,arelistedintheTables8-17and8-18.
Table8-17. Calculatedextinctioncoefficientsfor dry-air.
Model r (km-1)
fi;iJ 2.944
2,429
Lightrain 1,231
Table8-18.Calculatedextinctioncoefficientsfor rain.
The ESLM extinctioncoefficientsin theTables8-17and8-18werecomputedfrom
modeltransmittancesusingtheequationr =-lnrjSR withSR = 1km. Experimental
dataandESLM modelerrorsrelativeto themeasurementsperformedin bothdryand
rainyconditionsarepresentedintheTables8-19and8-20.
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Group Case IVC Modelr(km-1)
1 a 1.082
Haze
b 0.890
2 a 0.689
b LightHaze 0.661
c 0.671
3 a 0.573
b Clear 0.572
c 0.556
d 0.565
4 a 0.555
b VeryClear 0.556
c 0.579
Group I Case-
5
I
a
b
-
c
Table8-19. Dry-airexperimentaldataandESLM modelcorrections(A=1550nm).
Table8-20. Rain experimentaldataandESLM modelcorrections(A=1550nm).
It is evidenthat,alsoat A = 1550nm,thereis a considerabledifferencebetweenthe
experimentaldataandtheESLM modelresults.Again,theoverestimationof r canbe
explainedobservingthattheESLM modelis a twocomponentsmodelwhoseempiric
equationswerederivedfromindependentscatteringandabsorptionmeasurements,in
whicheitherabsorptionorscatteringwereneglectedduetotheparticulartestconditions.
Furthermore,as the ESLM modeluses differentsetsof equationsfor modelling
absorptionat A = 1064nmandA = 1550nm,andslightlydifferentparametersin the
equationsfor modellingatmospherics atteringat thetwo wavelengths,remarkable
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Group Case IVC Modelr Exper.r Error % Case Corr. IVC Cat.
Corr.
1 a 1.082 0.816 -24.56 0.754 0.745
Haze
b 0.890 0.655 -26.43 0.736
2 a 0.689 0.446 -35,20 0.648 0.647
b LightHaze 0.661 0.479 -27,58 0.724
c 0.671 0.381 -43,27 0.567
3 a 0.573 0.332 -42,10 0.579 0.584
b
Clear 0.572 0.382 -33,30 0.667
c 0.556 0.350 -37,10 0.629
d 0.565 0.261 -53,80 0.462
4 a 0.555 0.324 -41,60 0.584 0.601
b VeryClear 0.556 0.354 -36,30 0.637
c 0.579 0.337 -41,67 0.583
Group I Case I TypeofRain I Modelr Exper.r I Error% I Case Corr.
5 I a 2.596 2.266 -12.70 0.873
b 2.080 2.006 -3.56 0.964
C I Uahtrain I 0.864 0.729 -15.67 0.843
differenceswereobservedbetweentheresultsobtainedatA = 1064nmandA = 1550
nm. The differencesin theoverall(scatteringplusabsorption)transmittancesand
extinctioncoefficients,computedfor a transmissionpathof 1km andthesamesetof
meteorologicalparameterslistedin Table8-15(dry-air),areshownin Fig. 8-25. The
greatercontributiontotheobservedifferenceswasdueto absorptivextinction,which
forA = 1550nmandw >1.1,wasmodelledas:
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On the otherhand,the ESLM modelfor rainyconditions(modifiedusingthe
LOWTRANequationforestimatingthescatteringcoefficient),fittedreasonablywellthe
experimentaldata,withtransmittancecomputationerrorsnotexceeding15.67%(light
raincase).
8.2.5.3 Laser Propagation Data Base
AlthoughthePILASTER LaserPropagationDataBase(LPDB) is atthe
initialstagesof itscompilation,andthequantityofexperimentald tacollectedis limited
at themoment,currentandfutureactivitiesperformedatthePILASTER rangeare
expectedtoproducesufficientdatatocomputeaccuratecorrectionfactorsrequiredto
increasethereliabilityof thepropagationmodelsusedfor simulation,missionplanning
andsystemperformanceanalysispurposes.
With referenceto the ESLM empiricalmodel,the correctionfactorsto the model
presented above were computed by companng measured and calculated
transmittance/extinctionvaluesobtainedfromatmosphericvisibility,relativehumidity
and temperatureobservations.Particularly,all experimentaldata(i.e., spotenergy
measurements)collectedforeachgroup-casewerecumulated,andonlyresultsrelative
totheaveragenergymeasurementswerepresentedinthevarioustables.Adoptingthis
approach,it is evidenthatsomeinformationwas lost in the process(i.e.,the
fluctuationsexperiencedby themeasuredlaserspotenergiesandtheconsequent
variationsof theerrors/correctionscomputedforeachspotmeasurementi all samples
considered).
It is believedthata statisticalapproach,makinguseof theLPDB, wouldbewell suited
for a progressiverefinementof theatmosphericmodelcorrections.As anexample,the
AtmosphericModelCorrectionFunctions(AMCF's)relativetothetestsperformedin
dryweatheratA=1064nmarepresentedinFig.8-26.
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Figure 8-26. Correctionfunctionsfor ESLM-DryycomputationswithA.=1064nm.
The linesdenoted"Minimum"and"Maximum"in thegraph,representthelowerand
upperboundsof allAMCF's. Theequationsfittingtheselinesarethefollowing:
Minimum-f Y =0.3123x+0.4344 (8.38)
Maximum-f Y =1.8812x+ 1.0656 (8.39)
Dependingon the specificapplication,theseequationscan be usedto determine
correctionsfor theatmosphericpropagationfactorscomputedusingtheESLM model.
For instance,eq. (8.39) can be usedin eye-safetystudies,wherea lower bound
approximationfor the computedatmospherictransmittanceis to be considered
acceptable,whileeq.(8.38)is mostconvenientfor applicationslike rangeperformance
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predictionand simulationstudiesfor the operationalemploymentof laser guided
weapons,whereanupperboundapproximationispreferable.
It is importanttonotethatanessentialpre-requisitetothisapproachisthedefinitionof a
probabilitylevelwhichis adequatefor thespecificapplication. In mostsafetystudies
for test/trainingoperationsattherangesa 100%probabilitywouldbeadopted,whilefor
themajorityof operationalmissionplanningtasks(e.g.,rangeperformancecalculations
and'spiker'aircraftmissionprofileoptimisation)a lowerprobabilitylevelmaybe
accepted(e.g.,50-80%),dependingon the operationalneedsandthe geometric
constraintsof themission(i.e.,target'lethalrange',aircraft/systemslimitations,time
constraints,etc.).
8.2.6 LRF/L TD Systems Pointing Accuracy
UsingtheLTM-STU instrumentation,thepointingaccuracyof various
groundLRFILTO systems(for FAC operations)wasdetermined.The testswere
performedusingthePILASTER modulartargetandSTU instrumentation.Thetested
Nd:YAG LRF/LTOsystemswerethefollowing:
ELOP (Electro-opticsIndustriesLtd)PLO;
LITTON (LittonSystemsInc.)GLTD;
CILAS (CompagnieIndustrielledeLasers)G3.
Themeasurementswereperformedwiththe3LRF/LTO systems(PRF=10Hz)located
ata slant-rangeof 5 kmfromthetarget(laserspotperpendicularto thetarget).The
systemswereaimedatthetargetbyqualifiedFAC operatorsandactivatedforperiodsof
30seconds,inthesameatmosphericconditions(V=22km,T=32°CandRH=45%).
Thepointingaccuracydata(i.e.,displacementoftheenergeticandgeometriccentresof
thelaserspotsonthetargetwithrespecttothetargetcentre)wereobtainedusingthe
proceduresdescribedbelowforthethreecasesof slightlydistorted,highlydistortedand
brokenlaserspots.
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Moderatelv/HiahlvDistortedSpots. For laserspotspreservinga shapealmost
circularandanenergyprofileapproximatelyGaussian(liketheoriginalasersignalat
thesystemaperture),thegeometriccentrewascomputedasthecentreof thesmallest
circleinscribingthelaserspot.Thespotenergycentroid(maximumofthelaserenergy)
wasdeterminedby usinga dedicatedinterpolationfunctionavailablewiththeIMAGE-
PRO PLUS software(seeFig.8-27).
I Geometriccentre I
I Energycentre I
H
Figure 8-27. Pointing accuracy measurements on a slightly distorted laser spot.
An exampleof computationsperformedonanhighlydistortedlaserspotis shownin
Fig.8-28.
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Geometriccentre I
Energycentre
Energypeakn° 1
H
Energypeakn°2
Figure8-28.Pointingaccuracymeasurementsonahighlydistortedlaserspot.
Broken spots. For brokenspots(withsignificantlyhighenergydensitiesin the
brokenparts),theenergycentrewasalsocomputedwiththesameIMAGE-PROPLUS
interpolationfunction.In thiscase,however,thegeometriccentreof thespotwas
computedwithadedicatedalgorithm,usingasmanycirclesasthebrokenportions(with
dimensionsinscribingtheportions)andperforminga weightedaveragein whichthe
weightingfactorsweretheratiosof thesinglecircleradiusestothesumof all radiuses.
Low energyspotportions(withenergycontentminorthan1%)werenotconsideredin
thecomputationalgorithm.A schemerelativetothealgorithmusedfordeterminingthe
brokenspotgeometriccentreis illustratedin Fig.8-29.An exampleof computations
performedonabrokenspot(3parts)is shownin Fig.8-30.
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Figure8-29. Determinationof thespot geometriccentre(laserspotbrokenin 3parts).
R1= 1/2 R2
R2=2 RI
Geometric centre
Low energyparts
H
Energypeakn° 1
Energycentre
Figure 8-30.Exampleof pointingaccuracy measurements on a broken laser spot.
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In all cases,thepositionof thegeometricandenergeticentreswerereferencedto the
targetbi-dimensionalCartesianframe(Le.,horizontal/verticalscalesandoriginat the
targetcentre).SincetheoperatoraimedtheLRF/LTDexactlyatthecentreofthetarget,
thegeometricandenergeticpointingerrorsweredetermined(foreachavailablespot
frame)as theRSS of thehorizontalandverticalerrorcomponents.Duringthese
measurements,the relevantatmosphericparameterswererecorded(Le., visibility,
temperature,relativehumidity,windintensity/direction,etc.).
Sincethecollectedlaserspotimageswerenotsimultaneousandtheacquisitionevents
were not synchronised,the positionsof the geometricand energeticcentreswere
computedatleast3 timesfor eachsecond(i.e.,a minimumof 90timesforeachsystem
in a 30 secondslaserilluminationsession),andtheaveragedisplacementerrorsof the
geometricandenergeticentres(Le.,averagepointingerrors)werecalculatedfor each
second.TheresultsofthemeasurementsareshownintheFigs.8-31,8-32and8-33.
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Figure 8-31.LITTON GLTDpointingaccuracymeasurements.
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Figure8-32.ELOP PLD pointingaccuracymeasurements.
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CILAS EO~gyCentres
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~
Figure8-33. CILAS G3pointingaccuracymeasurements.
Figs 8-34,8-35and8-36showthegraphsrelativetothedifferencesbetweengeometric
and energeticpointingdata. Table 8-21resumesthe resultsof the pointingerrors
measurementsof thethreesystemsin termsof GeometricPointingAccuracy(GPA) and
EnergyPointingAccuracy(EPA). It is evidentthatthe threesystemshad similar
pointingaccuracies,and that the ELOP and LITTON systemsperformanceswere
slightlybetterthanthatof theCILAS system.
LlTTON Geometricvs. EnergyCentres
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Figure 8-34.UTTON GLTDdifferencesingeometricandenergypointing.
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ELOP Geometric vs. Energy Centres
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Figure 8-35.ELOP PLD differencesin geometricandenergypointing.
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Figure 8-36. CILAS G3 differences in geometric and energy pointing.
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Table8-21.Pointingaccuracymeasurementsresults.
8.2.7 Laser Spot Spreading and Distortion Measurements
PerformingEMT testsatle=1064nm(ELOP-PLDsystem),withsystemto
targetslant-ranges(SR) between1500m and5.5km,it wasobservedthatthelaserspot
imagescollectedby the PhoenixNIR-camerawere characterisedby a progressive
increaseof thespotdiameters,exceedingthevaluespredictedbytheory,with increasing
SR. This factwasprobablydueto thegreaterinfluenceof bothlinearandnon-linear
propagationphenomenawith longerpropagationpaths. In orderto investigate,by
monitoringthe variationsof the relevantmeteorologicalparametersalong the
transmissionpaths,the effectsinducedby thesephenomena,laserspotsshapesand
dimensionspredictedby theory, assuminga Gaussian energy distributionand
considering95% of the total energy,were comparedwith the effective spot
characteristicsmeasuredonthetarget.Usinglargedatasamples(i.e.,150to 200laser
spotsfor eachsession),collectedwithvariousSR andin variousweatherconditions,it
was possible to obtain useful data about laser spot spreadingand distortion
characteristicsat A.= 1064nm. The analyticalmethodsusedfor spreading/distortion
measurementswithmoderatelyandhighlydistortedlaserspotsaredescribedbelow.
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GPA tJ EPA (oJ Diff-GPA-EGA tJ
System
min max avg Min max avg min max avg
LlTTON 0.0011 0.0126 0.0064 0.0026 0.0125 0.0069 0.0005 0.0099 0.0037
ELOP 0.0008 0.0175 0.0083 0.0030 0.0148 0.0070 0.0013 0.0086 0.0035
CILAS 0.0038 0.0174 0.0114 0.0014 0.0143 0.0091 0.0006 0.0132 0.0052
Usingthe lie divergence((/)/Ie)of thelaserbeam,thelaserspotdivergenceat 95%of
totalenergywascomputedby:
(/)95% = (/) lie (8.33)
For theELOP-PLD, since(/)I/e=0.130mrad,weobtained(/)95%=0.225mrad.The
expected95%-energylaserspotradius(R)atagivendistance(d)wasobtainedby:
R =d .tan ([>95%+a (8.34)
wherea is theoutputbeamdiameter.For instance,for theELOP-PLD systemlocated
at SR = 5000m,we obtainedR = 1.215m. In orderto definethelaserspotdistortion
characteristics,thefollowingspotmeasurablelementswereconsidered(seeFig. 8-37):
Radiusof thesmallestcircleinscribingtheentirespot(R/);
Radiusof thesmallestcircle,centredin thespotgeometricentreC, containedby
thespotimage(R2);
Distancebetweenenergeticandgeometricentres(dge).
Thesespotelementswerecombinedtoconvenientlydescribethespotqualityin termsof
spreadinganddistortion.Particularly,thefollowingSpotDistortionParameters(SDP's)
weredefined:
R
Qs = RI
(8.35)
dge-1--
QDe - RI
(8.36)
R2
QDg =RI
(8.37)
The parameterQs describesthespotspreading,QDeis relativeto theenergyprofile
distortionandQDgis relativetothegeometricdistortionof thelaserspot. Conveniently,
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theSDPparametersweresothatheyequatedto1intheidealGaussiancaseandtendto
0intheworstcase.
Figure 8-37.Measurableelementsusedfor distortedspot analysis.
Theresultsof thespotspreadingmeasurements(average2Rl values)areshownin Fig.
8-38,togetherwith thecalculatedlie and95%-energyspotdiameters.Althoughin
certaincasesthemeasuredspotdiameter(averageof 150-200measurements)wasless
thatthecalculated95%-energyspotdiameter,theaveragedatashowedthatthespot
spreadingwas much moresignificantat greaterslant-ranges.Furthermore,it was
observedthatalsotheSDP parametersincreasedsignificantlytheirvaluesat increasing
slat-ranges. The averageSPD valuesand their variationsduring measurements
performedwiththeELOP-PLD (A= 1064nm)atSR = 1500m,3.5kmand5.5kmare
listedin Table8-22.
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ELOP-PLD Laser Spot Diameter
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Figure 8-38. ELOP-PLD calculated/measuredspot diametersfor variousslant-ranges.
Table8-22. SPDparametersrelativeto theELOP-PLD spot distortionmeasurements.
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1500m 3.5km 5.5km
SPD
mean (J mean (J mean (J
Qs 0.8455 0.1350 0.8381 0.1799 0.6860 0.2830
Qde 0.8329 0.0913 0.7184 0.1575 0.6119 0.1837
Qdg 0.7275 0.1289 0.6930 0.1340 0.6607 0.1723
With increasingslant-rangeall SPDparameterswerecharacterisedby a progressive
reductionof theirmeanvaluesandgreaterdispersions.Therefore,althoughtheexact
natureofthecorrelationexistingbetweenthevariousSPDparameterswasnotidentified
withthedataavailable,anadditionalparameterwasdefinedinordertocharacterisethe
overalllaserspotquality:
R +RI +R2 - d
Q = ge7.1)
I
(8.38)
Obviously,asall theSPD parametersvarybetween0and1,alsotheQ parametervaries
between0 and 1 (ideal Gaussiancase). The averagevaluesof the parameterQ
calculatedwiththeavailableELOP-PLD data(A= 1064nm)werethefollowing:
Q =0.8020forSR =1500m;
Q =0.7498forSR =3500m;
Q =0.6529forSR =5500m.
8.2.8 DGPSGroundTest
A groundtrial was performedwith two CIA code (D)GPS receIvers
(ASHTECH-12 geodeticreceivers)in ordertotesttheaccuracyof the(D)GPSdata(Le.,
suitabilityfor lasersystemstestingandpost-missionanalysisrequirements)andtogaina
goodlevelof confidencewithdifferentialtechniques,beforeperformingflighttrials.
During the preliminarygroundsession,one of the ASHTECH GPS receiverswas
installedonanelectricallypoweredtrolleyandanotherASHTECHreceiverwaslocated
inasurveyedsitetoprovidedatafordifferentialcorrections.Thetrolleycoveredawell
knownrouteofabout3kmintheTurinInternationalAirport(Caselle- Italy).Thetrack
wasfollowedtwice(inoppositedirections)alonga roadabout6.2metreswide. The
trolleytrackis shownin Figure8-39,wherealsothereferencestationpositionis
evidenced.Afterthetrial,datastoredintotheinternalmemoriesof thetworeceivers
weredownloadedtoapersonalcomputerfordifferentialprocessingandanalysisusing
theASHTECH P-NAV softwarepackage.
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Positioningdataafterdifferentialprocessingandpost-processingoisereductionwere
veryprecise,so thatall datapointswerelayingwithintheroad. The stand-alone
accuracyof theGPSreceiverswaswithinthespecificationlimits(Le.,52m2d-RMS
againsthespecified100m 2d-RMSwithSA). Thefinalresultsobtainedwiththe
ASHTECH andTRIMBLE differentialprocessingwereveryencouragingwith a
positiondataaccuracyof about3m SEP.
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Figure8-39. (D)GPSsystemgroundtrack.
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Evenif thegroundtestresultscouldnotbeconsideredxhaustivefordemonstratingthe
performanceof thePILASTER DGPSsystem,theactivitypermittedtogaina certain
levelof confidencewithdifferentialtechniques,essentialfor planningandproperly
executingadedicatedflighttestactivity.
8.2.9 LOAS ground testing
Groundtrialsof theLOAS systemwereperformedin orderto preliminarily
verify systemdetectionperformancein variousweatherconditions,and to testthe
validity of the mathematicalmodelsusedfor performancecalculations. This was
particularlyimportantfor preparingthe LOAS flight test activity. It was in fact
necessaryto defineacriteriafordeterminingthesystemdetectionrangeperformancesin
theworstenvironmentalconditions,andwith theworstobstaclescenarios(i.e.,small
wireswithlow reflectivity),evenwithoutperformingrealtestsin theseconditions(i.e.,
using experimentaldata collectedin fear weatherand with averageobstacles).
Mathematicalmodellingandgroundtestingof theLOAS detectionperformancewere
thereforerequiredin orderto giveproperweightsto theparametersplayinga role in
realisticoperationalscenarios,andtodeterminethetargetLOAS detectionperformances
tobedemonstratedin flight. Fig. 8-40illustratestheprocessinvolved.
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Figure 8-40.LOAS detectionperformancemodellingandgroundtesting.
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As thegroundtestactivitiespermittedto validatethemodelsdeveloped,it wasthen
possibleto identifyreferencesetsof obstacle,backgroundandatmosphericparameters
givingtheabsoluteminimumperformanceof theLOAS system.Thisis illustratedin
Fig.8-41.Obviously,thesuccessiveflighttestactivitieswereperformedonlyinasmall
portionoftheLOAS/helicopteroperationalenvelopes,buttheresultsobtainedcouldbe
extendedtotheentirenvelopesbyusingthevalidatedmathematicalmodels.
Worstcaseobstacle
and bacir,ground
parameters
~
LOAS design
parameters c:::) ValidatedDPM c:::)
Minimum LOAS
detectionperformance
u
Worstcase
atmospheric
parameters
Figure8-41. MinimumLOAS detectionperformancecalculation.
For initialdesigncalculations,thewireobstacledetectioncapabilityof theLOAS was
modelledbythefollowingsimplifiedSignaltoNoiseRatio(SNR)equation:
4EpArLTLre-2}1?dwpSNR=
rcPDR2(aR + D )NEP
(8.39)
where:
Ep = outputlaserpulseenergy
Ar - receiveraperture
LT = transmissionlosses(includingbeamshaping)
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Lr = receptionlosses(includingopticalfilter)
- atmosphericextinctioncoefficient(calculatedwithcorrectedESLMmodel)r
dw = wirediameter
P
PD
= wirereflectivity
- pulseduration
R = obstaclerange
= beamdivergence(l /e2)
- initialbeamdiameter
a
D
NEP = noiseequivalentpower
In ordertoestimatetheSNRfromexperrimentalLOAS detectorcurrentmeasurements
(iSlG),obtainedwithcertainobstacleranges(R) andincidenceangles(8),SNR was
expressedasfollows:
SNR =2010g
[
iSI~(R,e)
JINOISE
(8.40)
Thenoisecurrentermsineq.(8.40)wasmodelledas:
. I. 2 . 2 . 2 . 2
INOISE =-V ITB +IRK +IDK +IRA (8.41)
where:
iTH thermalnoisecurrent
backgroundnoisecurrentiSK
iDK darknoisecurrent
IRA receiveramplifiernoise
AccordingtotheLOAS designcharacteristics,wehad:
iRK =~2qPs~MA(2+kMA)B (8.42)
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performedwiththeproceduredescribedabove.Usingfilterswithanopticaldensity
greaterthan0.25ND (correspondingtoa 56%transmittance),theseekerundertest
wasnotactivated.With0.25ND, theoscilloscopemeasuredapulsepeakamplitude
of29.9mY. Oscilloscopetracesoftheoriginalandattenuatedpulsetrainsareshown
inFig.7-7and7-8.
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Figure7-7.Targetsimulatorpulsesamplitude(72.4mV).
Figure7-8.Trainpulsesamplitude.
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Sincethevoltagesmeasuredby theoscilloscopewereproportionalto theenergy
measuredby thepowermeter,theMDPD wasestimatedusing2 seriesof energy
densitymeasurementsas ociatedtothetrainofpulses.Theresultsobtainedwiththis
methodaregiveninTable7-1.
Table7-1. MDPD estimation(Method1).
Method 2. Usingfilterswithanopticaldensitygreaterthan0.25ND, theseeker
undertestwasnotactivated.Therefore,sincethislimitingconditioncorrespondedto
a 56%transmittance,theMDPD valuewascalculatedusingthetargetsimulator
knownpowerdensityoutput:
MDPD =8JiW 1m2x 0.56 ==4.5JiW 1m2 (7.1)
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Measurement
1 57.8 48.0 54.0 47.0 48.0 47.5 49.0 50.0 49.0 47.0 44.0
Series
2 54.0 54.0 54.0 48.0 47.0 51.0 49.0 49.0 45.0 45.0 45.0
Energy Densities
Train(avg): ET ==50 pJ/cm2
Pulse: Ep==2.6pJ/cm2
Pulse Power Density
Hypothesis (a):
Wp ==2.6 pJlcm219 ms ==2.9><10.10W/cm2
thepulse is assumed
rectangular
Pulse Power Density
Hypothesis (b):
thepulse is assumed Wp==2.6pJlcm214.6ms==5.7x10.10W/cm2
triangular
(semi-base=FWHM)
MDPD (pulse) 2.9j.lW/m2<MDPD <5.7j.lW/m2
7.2 Laser BeamProfiling
LaserBeamProfiling(LBP) in a laboratoryfacilityis an additional
requirementforthePILASTER program,asit isnecessaryin ordertodeterminethe
outputcharacteristicsofthelasersystemsundertest,beforeperformingexperimental
measurementsattherange.Furthermore,someexperimentsperformeduringthis
research(i.e.,laboratorytests,fieldtrialsandflighttestactivities)hadtobecarried
outin welldefinedandrepeatableconditions,in ordertodetecterrorsaffectingthe
measurements,thusdefiningthevalidityandapplicabilityof theresults.Also in
thesecasesLBP wasused.
Therefore,variousCCD camerasandsuitablesoftwarepackagesforbeamprofiling
were examined,in orderto selecta combinationsuitablefor matchingthe
PILASTER testrequirements.
included:
The featurescommonto all softwarepackages
Intensitydistributionanalysis;
Gaussianfitanalysis;
Image,capture,store,andplaybackof2-Dand3-Dintensityplots;
Printingoftextandpictures.
TypicalexamplesofaprogramoutputsareshowninFig.7-9.
In orderto matchthevariousPILASTER requirements,thelaserbeamprofiler
shouldbeabletoanalysebothcontinuouswave(CW)andpulsedlasers,anddetecta
widerangeofdifferentsignals(powerlevels,PRFs,pulsedurations,etc.).Themain
technologiesavailabletodayforlaserbeamdiagnosticsare:
Spatialcamerasasthebeamcharacterisationsystem.
Movingmechanicalslitorknifeedgestoscanacrosstheincomingbeam.
Themainadvantageof themechanicalscanningdevicesovera cameratypelaser
beamprofileris thelargedynamicrangethatallowsaccuratemeasurementsof
beamswithbothhighandlowintensities.Ontheotherhand,cameratypelaserbeam
profilersareexcellentfor fastanddetailedanalysisof laserbeamintensityprofiles,
butarelimitedintheiraccuracyduetoarelativelylowdynamicrange.
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However,toovercomethelimiteddynamicrangeofacameratypebeamprofilerand
accuratelymeasurefaintlaserbeamstructures,it is possibleto samplethebeam
severaltimes,eachmeasurementbeingperformedat a differentattenuationor
electronicshutterspeed.
Fig. 7-9. SpiriconTM(Ophir OprtonicsLtd.)2-Dand 3-Ddisplay format.
AlthoughinitialexperimentswerecarriedoutwiththeSpiriconTMCCDprofiler,the
BeamStarTMprofiler (by DumaOptronicsLtd.) was finally selectedfor the
PILASTER program.Varioustypesofcamerascanbeusedwiththissoftware.The
standardcamera,suppliedwith the beamprofilersoftware(Fig. 7-10), is a
MonochromeInterlineTransferCCD W',withanactiveareaof6.47x4.83mm.The
cameraspectralresponseis 190-1100nmandthemaximumpowerdensityonfilteris
50W/cm2.WiththisCCD camera,usingelectronicshutteringandND filters,the
system(with software)cancaptureandreplypicturesandstatisticsfrom both
continuousandpulsedlasers.In thefirstcase,themaximumopticaldynamicrange
is 2x108:1(shutterspeeds1/50to 1/10000sec)andthemaximumframerateis 30
Hz. For pulsedlasers(1-100Hz), theopticaldynamicrangeis 256:1. For
transmissionoftheoutputimages(640x480resolution)anddata,anRS-232standard
interfaceisavailable(alsoavailableforaremotecontrol).
7-10
""'"
..
'1<
~" I:' 'iI
"''' \0.";),,, -'''"
Fig. 7-10.BeamstarMCCDcamera.
7.4 SurfaceReflectionMeasurements
Determinationf targetsurfacereflectionpropertiesatlaserwavelengths
is essentialforpredictingrealisticrangeperformanceof groundandairbornelaser
systems,aswellasforaircraftactics(flightprofile)optimisation,testrangedesign
activities,analysisof flight/groundtestdataandassessmentof trainingexercises
withlasersystems.Theconceptsrelatedwithlaserback-scatteringmeasurements
havebeenintroducedin chapter3 (andAppendixD). In thefollowingparagraphs,
wedescribethetestactivitiesperformedfordeterminingboththegeneralreflection
propertiesof variousmaterials/paintsin thevisibleandinfraredportionsof the
spectrum(i.e.,intermsoftotalreflectance),andthespecificreflectioncharacteristics
of thePILASTER targetmaterialsatNd:YAG laserwavelength(A = 1064nm)
subjecttospecificgeometricalconstraints(i.e.,intermsofBRDF). An essentialpre-
requisitefor bothactivitieswasthecorrectanalysisof targetmaterialsphysical
properties,such as surface profile characterisation(roughnessstatistics,
coating/paintingstandards,etc). LBP was also performedduring BRDF
measurementstoensurerepeatabilityoftheexperiments.
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7.4.1 SamplesIdentificationand Surface Characterisation
Thesamplesforsurfacescatteringmeasurementswereselectedin order
to allowanappropriatechoiceof thepaintsto beusedfor thePILASTER targets
(Group-I),andalsoto gatherusefuldataregardingthereflectivepropertiesof
materialsnormallyencounteredin theoperationaluseof lasersystems(Group-H).
ThesampleselectedforbothreflectanceandBRDF measurements(i.e.,candidates
forconstructionofthePILASTER targets),werethefollowing:
Group-I
a. WhiteSpectralonTM(LabsphereLtd.)
WhiteRefractiveRoadPaint(GEN-M-POOI7);
WhiteBuildingPaint(BaldiniS.p.A.n°345.998);
DiffusiveBlackPaint(NextezTM97B/3W- AER-M-P03ge);
DiffusiveWhitePaint(NextezTM3B/97W- AER-M-P039a);
WhiteNonrefractiveRoadPaint(GEN-M-POOI6);
DarkGreyPaint(AER-M-G039t);
LightGreenPaint(AER-M-H067d);
DarkGreenPaint(AER-M-H074e).
b.
c.
d.
e.
f.
g.
h.
1.
The sampleof SpectralonTM(whoseBRDF characteristicswereprovidedby the
manufacturer)alsoservedtotestheBRDFmeasurementi strumentationset-up.
Thematerialsselectedforreflectancemeasurementsonly(A=400- 1200nm)were
thefollowing:
Group-II
J.
k.
1.
IR GreyPaintn°1(AER-M-G056);
IR GreyPaintn°2(FS36280);
Concreten°1- Runway;
m. Concreten°2- Shelter;
AirportParkingAreaMaterial;n.
o. Asphaltn°1- Runway;
Asphaltn°2 - RoadMaterial.p.
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All paintsampleswerepreparedusing2x2inchespolishedaluminiumplates.Before
performingBRDF measurements,thermssurfaceroughness(a) andslope(s) of the
Group-Isampleswasmeasuredusingasurfaceprofilometer(HommerTesterTI000)
whichmeasuredthesurfaceroughnessevery0.25~malonga 15mmscan.Therms
roughnessof thesamplesrangedfrom0.42~mto 16.87~m. Theresultsof the
measurementsarelistedinTable7-2.
Table7-2. Surfacecharacterisationfor BRDF measurements.
7.4.2 Reflectance Measurements
As a first stepintotheanalysisof thesamplesreflectionproperties,
reflectancemeasurementswereperformedinthevisibleandnearinfra-red(A=400-
1200nm). The measurementswere performedwith the integrating-sphere
spectrophotometerP kin-Elmermod.'Lambda19'. Theresultsobtainedfor the
twogroupsof samplesarepresentedinFig.7-11andFig.7-12.
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Sample rms roughness (0) rms slope (5)
a 0.47m 11.4°
b 6.88 m 23.6°
c 19.96 m 22.4°
d 4.80 m 22.3°
e 4.41 m 24.3°
f 1.76 m 20.5°
9 1.52 m 18.1°
h 0.60 m 11.7°
I 0.42m 13.5°
ReflectanceCurves-GroupI
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Fig. 7-11. Group-Ireflectancemeasurementsresults.
ReflectanceCurves - Group 11
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Fig. 7-12.Group-IIreflectancemeasurementsresults.
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7.4.3 BRDF Measurements
TheBidirectionalReflectanceDistributionFunction(BRDF) is definedas
theratioof theradianceof asampletotheirradianceuponthatsample,fora given
directionof incidenceanddirectionof scatter.For BRDF measurementswiththe
Group-Isamples(i.e.,PILASTER targetscandidatepaintsandmaterials),a Laser
Scatter-meter(LSM) wasbuilt. A detailed iscussionaboutheBRDF andother
scatteringfunctionsis presentedin AppendixD. To briefly summarisethe
fundamentalconceptsinvolved,necessaryto describethe LSM experimental
arrangement,werefertotheLSM beamcoordinatesystemillustratedinFig.7-13.
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Fig. 7-13. LSM beamcoordinatesystem.
Theoriginof thebeamcoordinatesystemisthepointatwhichthecentralrayof the
incidentradiation(l) strikesthesamplesurface.TheZBaxisisnormaltothesample
surface,andtheXB axisliesintheplanedefinedbyZBand1. Theincidentdirection
is specifiedbytwoangles:theangleof incidence(Bi),andtheincidentazimuthangle
(rM, where tPi=1t bydefinition.Similarly,thescatterdirectionis specifiedbythe
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scatterangle(Os),andthescatterazimuthangle«(A).In ordertomeasureBRDF,a
LSM shouldallowthesampletobeilluminatedwithacollimatedlaserbeamfroma
rangeof incidentdirections.Furthermore,areceiver,subtendingasolidangleQ and
viewingtheentireilluminatedarea,shouldbe positionedat a rangeof scatter
directions.For anygivenLSM configuration,anaveragesampleirradiance(Ee)is
calculatedfromthepowerPi incidentonthesampleandtheilluminatedareaA. An
averagesampleradianceLeiscalculatedfromthepowerPscollectedbythereceiver,
thereceiversolid-angle,andtheareaof illumination.Therefore,thesampleBRDF is
calculatedastheratioofthesetwoquantities:
Le (ps/QAcosOs)=~
BRDF=Ee= (~/A) ~QcosOs
[sr-] ] (7.2)
Alternatively,therelativeradianceof thesamplemaybemeasuredversusthatof a
standardwhoseBRDF is knownfor thebi-directionalgeometryin question.The
sampleBRDF maythenbe calculatedby multiplyingtheresultingratioby the
knownBRDFofthestandard.
OurLSM limitsthecollectionof BRDF datato receiverpositionsin theplaneof
incidence,whichis definedbythecentralrayof theincidentfluxandthesample
normal.Thisis referredtoas"in-plane"data(datacollectedwithreceiverpositions
confinedto theplaneperpendicularto theplaneof incidence,andcontainingthe
samplenormal,isreferredtoas"cross-plane"data).
BRDF,withitsunitsof inversesteradians,appearsasa fairlyabstractquantity.The
BRDF ofagivensampleis closelyrelatedtoamoreconcretequantity,however,its
bi-directionalreflectancefactor.Thisisdefinedastheratioofthefluxscatteredina
givendirectionbythesample,tothatwhichwouldbescatteredin thatdirectionby
theperfectreflectingdiffuser,underidenticalconditionsof illumination.The
relationbetweenBRDF (B)andbi-directionalreflectancefactor(R)isexpressedby:
R(Oj' fjJj'Os'fjJJ = 1!:B(Oj'fjJj'Os'fjJJ (7.3)
It is importanttoobservethattheBRDF ofaperfectlydiffuse(Lambertian)sample
wouldbeconstantforallbi-directionalgeometries.However,thepowercollectedby
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thereceiver(Ps)is stronglydependentonthescatterangle(Os),andbecomesvery
smallas Osapproachesn12.For thisreason,we shouldexpecthattheeffectsof
noise,andothersourcesof measurementerror,becomemuchmorepronouncedat
largescatterangles.
Boththepolarizationstateof theincidentflux andthepolarizationbiasof the
receivermaybe importantvariablesin BRDF measurements.Many scattering
materialsignificantlydepolariseincidentflux, whileothermaterialselectively
absorbflux with a certainpolarization.A completecharacterizationf sample
scatteringalsorequiresevaluationofthesepolarizationeffects.
Theexperimentalarrangementof heLSM isshowninFig.7-14.
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Fig. 7-14.Laser scatter-meterexperimentalarrangement.
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TheLSM wascomposedbythreemainparts:(A) thelaserunit(includingthelaser
sourceandtheintensity/polarizationc trolunits),(B) thetargeturn-tableunit
(allowingorientationof thetargetsample),(C) thedetectionunit,mountedon a
secondturn-table(includingthecollimator,thepolarizingfilterandthedetector),and
(D) themeasurementsunit,includingtheenergy/powermeterandamotioncontrol
unitfor automatic(continuous)dataacquisition,bothconnectedto a PC for data
monitoringandrecording.Particularly,with referenceto Fig. 7-14,the LSM
employedthefollowingcomponents:
1) Lasersource.
2) Intensityandpolarizationcontrol:
a) ND filters;
b) linearpolarizer;
c) retardationplates.
3) Sample.
4) Collimator,(5)Polarisingfilter(analyser)and(6)Detector.
7) Sampleturn-tableand(8)Receiverturn-table.
9) Lightshield.
10)Energy/powermeter,motioncontrolunitandcomputer.
TheBRDF measurementswereperformedata wavelengthof 1064nm(Nd:YAG
laser). Particularly,theBRDF of Group-Isampleswasdetermined,in orderto .
BeforeperformingBRDF measurements,thecharacteristicsof theNd:YAG laser
beamincidentonthesamplesurfaceweredeterminedusingtheBeamStarTMCCD
profiler.TheparameterselativetotheGaussianfit of thehorizontalandvertical
cross-sectionsof thebeamproducedbya singlelaserpulseareshownin Fig.7-15.
Particularly,in this case,a differenceis evidencedbetweenthe shapesof the
horizontalandverticalcross-sections(alsodueto thedistortionsintroducedbythe
LSM opticalcircuit),leadingtoacorrelationwiththeGaussianfit of about80%in
bothcases.Withlasersequencesofupto 10secondsin durationandPRF upto20
Hz, it wasalsofoundthatthestabilityof thebeamshape(i.e.,correlationwiththe
Gaussianfit)wasalwayswithinalimitof73%.
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Fig.7-15.Nd:YAGlaserbeamprofileforBRDFmeasurements.
All BRDF measurementswereperformedwithlinearlypolarisedillumination,with
thedirectionofpolarizationparallel(P) totheplaneof incidence.In selectedcases
(samplesd ande), the receiverwas alsopolarised,with biasparallel(P) or
perpendicular(S)totheplaneof incidence.In thiscase,foramaterialwhichdoes
notaffectthepolarizationof theincidentflux,theobservedBRDF for thecross-
polarizedconfiguration(PS) wouldbe zero. On theotherhand, for a perfect
depolarisingsample,theBRDF valueswouldbe identicalforboth(PP) and(PS)
measurementconfigurations.
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Theresultsof theBRDF measurementsarereportedbelowintheFigures7-16to7-
24. Particularly,theBRDFrelativetoallsamplesforthreedifferentlaserincidence
angles(If/=0°,30°,45°and60°)arereported.Furthermore,theBRDFvariations
withreceiverpolarizationparallel(P)andperpendicular(S)totheplaneof incidence
(withIf/=0°and45°)arereportedforthetwopaintsthat,aftertheinitialreflectance
andBRDF measurements,wereidentifiedasthebestcandidatesforthePILASTER
targets(samplesdande).
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Fig. 7-17. BRDF for whiterefractiveroadpaint.
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d. Diffusive Black Paint
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e. DiffusiveWhite Paint
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f. White Non-RefractiveRoad Paint
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g. Dark Grey Paint
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Due to their excellentcontrastin the visible and their good Lambertian
characteristics,the DiffusiveBlack Paint AER-M-P03ge(sampled) and the
DiffusiveWhitePaintAER-M-P039a(sample),wereselectedforthePILASTER
permanenttarget(FXDT) panels.Althoughthesepaintsweretechnicallyadequate
alsoforthePILASTER FRCT modulartarget(i.e.,destroyabletargetforrealweapon
deliveries),theywerenotusedforthisapplicationduetotheirveryhighcost.In this
case,acombinationoftheDarkGreyPaintAER-M-G039f(sampleg)witheitherthe
WhiteNonrefractiveRoadPaintGEN-M-POO16(sample£),ortheWhiteRefractive
RoadPaintGEN-M-POO17(sampleb), wasconsideredacceptable.It mustbe
underlinedthatall thesepaints(samplesb, d, e, f and g) are producedfor
employmentby theItalianmilitaryforces,andtheirreflectancecharacteristicsare
claimedtoremainconstantinawiderangeofenvironmental/weatherconditionsand
duetoaging.
Theuseof theverylow costWhiteBuildingPaintBaldinin°345.998(samplec),
wassuggestedonlywhenlaserspotmeasurementsonthePILASTER targetswere
notrequired(beingtheonlynonmilitaryproduct,thecharacteristicsof thispaint
mayvarysignificantlyduetoagingorotherfactors).
7.5 PILASTER SystemsTesting
Laboratoryexperimentalactivitiesalsoincludedinitialtestsforselection
ofthesystems/sensorscandidateforthePILASTER Program.Theseactivities
included:
NearInfraredCameras(NIR)Testing;
ModifiedLaserWarningReceiver(LWR)SystemTesting;
Power/EnergyMeterandDetectorsTesting.
Testmethodsandresultsaredescribedinthefollowingparagraphs.
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7.5.1 NIR Cameras Testing
TwoNIR camerasbasedonFocalPlaneArray(FPA)sensorsweretestedfor
useinthePILASTERprogram,theseare:
theMERLIN TMNIR camera;
thePHOENIXTM NIR camera,
bothproducedbytheIndigoSystemsCorporation(USA). BothNIR camerashada
spectralband0.9-1.7J.!m,andemployedIndiumGalliumArsenide(InGaAs)detectors.
In bothcases,thearrayformatwas320Hx256Vandthedetectorsizewas30microns.
Furthermore,opticswithdifferentfocallengthsandFOV/IFOV wereavailable(e.g.,25
and50 mmfocal lengthswith FOV/IFOV of 22°xI6°1l.3mradand II°x8%.6 mrad
respectively).Bothcameraswereequippedwith real-timeimagingelectronics,remote
controls,andNTSC/PAL videooutputs.
The PHOENIXTM camerawas also equippedwith a high-speeddigital acquisition
system,composedof a rack mount,high speedPentiumTM processor,a camera
interface/syncboardandBit-Flow framegrabber. It capturedthe full bandwidthof
digitalvideofromthecamera(40MHz) andprovidedpseudoreal-timeVGA videofor
aimingandfocusingthecamera.
The aimof thelaboratorytestactivitywasto verifytheperformanceof thePHOENIX
andMERLIN NIR Cameras(togetherwiththerelativeDataAcquisitionSystems)in the
presenceof laserspotsgeneratedby veryshortlaserpulses(PD <20 nsec),with PRF,
energylevelsandspotcharacteristicsompatiblewiththePILASTER requirements.
With referenceto the test setupshown in Fig. 7-25, the following systemsand
instrumentationwereusedfortheexperiments:
PHOENIX andMERLIN NIR Cameras(1);
PC basedDataAcquisitionSystems(2)withIMAGE-PRO PLUS 4.1Software;
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LaboratoryTarget3.0x1.5m(3);
Q-SwitchedNd:YAG laser(4);
Nd:YAG AttenuationFilters(5);
BeamSplitter(6)andMirror(7);
BeamExpandingOpticsforNarrow(8)andWideLaserBeams(9);
AberrationFilter(10).
The 3.0x1.5m target,paintedin backandwhitewithpaintsof considerablydifferent
reflectanceat 1064nm (Le., 7% and50%respectively),was locatedat a distanceof
about5 m fromthebeamexpandingoptics((fJwide= 50 mradand (fJnarrow= 2 mrad).
Withthisgeometry,theeffectivespotdiameterswereabout50cmand2 cm. The
PHOENIX/MERLINNIR Cameras,equippedwithsuitableoptics(inorderto seethe
entiretarget)andconnectedtotheDataAcquisitionPC,wasalsolocatedatadistanceof
about5 metresfromthetarget.An AberrationFilter(AF) wasalsousedat the
expandingopticsoutputo generatehighlydistortedlaserspotprofilesonthetarget
(withsimilarcharacteristicsto thespotsexpectedto be encounteredin thefuture
operationaluseofthecamerasatthePILASTER).
Duringthetest,thedifferentrequirementsassociatedwiththeintendeduseof thetwo
camerasweretakeninto account,settingappropriateintegrationtimesfor data
acquisitioni ordertoobtain:
post-processingdataanalysis(i.e.,geometry,energydistribution,timeanalysis),for
the maximumnumberof pulses(spots)in a sequence,for the PHOENIX NIR
camera;
real-timevisualizationof the spot sequence,in the caseof the MERLIN NIR
camera.
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Figure 7-25.NIR cameras test instrumentation setup.
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ForbothNIR cameras,animportantrequirementwastominimisethememoryrequired
forframesrecording,maximisingatthesametimetheperformancesofthecameraswith
andwithoutsynchronisationof spotdataacquisitionwithlasersignaltransmission(i.e.,
numberof usefulframesfor thePHOENIX NIR cameraandqualityof thereal-time
displayedimagefor theMERLIN NIR camera).Therefore,it wasfirstof all necessary
to find adequateFrameFrequencies(fF)of theNIR camerasaccordingto thespecific
application.This wasdonein orderto maximisethenumberof recordedpulsesin the
firstcase(PHOENIX NIR camera)andtoobtainhighqualityreal-timesequencesin the
secondcase(MERLIN NIR camera).A numberof testswereperformedin orderto
experimentallydeterminetheoptimalIF for thetwo NIR cameras.A moredetailed
analysisforIF optimisationwasperformeduringthegroundtestactivities(seechapter
8). In general,settingtheIF attwicethePRF, it wasempiricallyfoundtobea good
compromisefor the PHOENIX NIR camera,while for the MERLIN NIR camera
intendedapplication(i.e., real-timespotmonitoring)aIF of 10Hz was adequatefor
PRFsof 1-4Hz,andaIF of 20Hz wasbettersuitedforPRFsof 10-20Hz. Thekey
parametersforevaluatingtheperformanceofthetwocameraswere:
Percentageof AcquiredPulses(%AP) with respecto the totalnumberof laser
pulsestransmittedin a certainPulseTrainDuration(PTD) for thePHOENIX NIR
camera;
Real-timeImageQuality(RIQ)fortheMERLINNIR camera.
Particularly,fortheRIQ thefollowingrankingscalewasusedintheassessment:
0/4
1/4
2/4
4/4
Spotimageabsent;
Spotimagenotclear(fading);
Spotimageintermittentbutclear;
Spotimagecontinuousandclear;
ThefinalresultsofthetwoperformanceassessmentsaresummarizedinTable7-3.
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Table 7-3. NIR Cameras Tests Results.
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Laser Parameters PHOENIX MERLIN
PRF PTD Energy BE AF PD IF %AP IF RIQ
10s 2 J Wide Yes 20ns 2 Hz 52% 10Hz 4/4
10s 2 J Wide No 20ns 2 Hz 66% 10Hz 3/4
1 Hz
10s 2 J Narrow Yes 20ns 2 Hz 53% 10Hz 4/4
10s 2 J Narrow No 20ns 2 Hz 67% 10Hz 3/4
10s 2 J Wide Yes 20 ns 8 Hz 47% 10Hz 4/4
10s 2 J Wide No 20ns 8 Hz 66% 10Hz 3/4
4Hz
10s 2 J Narrow Yes 20ns 8 Hz 48% 10Hz 4/4
10s 2 J Narrow No 20ns 8 Hz 62% 10Hz 4/4
10s 2 J Wide Yes 20ns 20 Hz 66% 20 Hz 3/4
10s 2 J Wide No 20 ns 20 Hz 56% 20 Hz 3/4
10 Hz
10s 2 J Narrow Yes 20 ns 20 Hz 62% 20 Hz 4/4
10s 2 J Narrow No 20ns 20Hz 51% 20 Hz 3/4
10s 2 J Wide Yes 20ns 40 Hz 43% 20 Hz 3/4
10s 2 J Wide No 20ns 40 Hz 65% 20 Hz 4/4
20 Hz
10s 2 J Narrow Yes 20ns 40 Hz 52% 20 Hz 4/4
10s 2 J Narrow No 20ns 40 Hz 48% 20 Hz 4/4
7.5.2 Modified RALM-01 System Testing
ThistestactivitywasperformedinordertoassesstheModifiedRALM-Ol (M-
RALM-Ol) LaserWarningReceiver(LWR)performanceinthepresenceoflaserspots
generatedbyveryshortlaserpulses,withPRFsandenergy/powerl velscompatibleto
thePILASTER programrequirements.Particularly,theOpticalUnits(OUs)of the
systemwere'stimulated'withlaserpulsesof lowenergylevels(Et~ 0.1nJ) andpower
densities(Dp~5mW/m2).Theinstrumentationarrangementusedfortheexperimentis
showninFig.7-26.
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Figure 7-26.RALM-01testinstrumentationsetup.
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Particularly,thefollowingequipmentwasusedintheexperiment:
PHOENIX NIR Camera(I);
PC basedDataAcquisitionSystems(2)withIMAGE-PRO PLUS 4.1software;
LaboratoryTarget3.0x1.5m(3);
Q-SwitchedNd:YAG laser(4);
Nd:YAG AttenuationFilters(5);
BeamSplitter(6)andMirror(7);
BeamExpandingOpticsforNarrow(8)andWideLaserBeams(9);
M-RALM-OI OpticalUnits(10)andOpticalFibre(FO) Cables(11);
M-RALM-OI ProcessingUnits(12);
PC basedDataRecordingandDisplaySystem(13).
The MARCONI LWR Optical Units (OUs) family is shown in Fig. 7-27., with
evidencedthetypeof OU usedfor theM-RALM-OI test(atotalnumberof 8 OU were
usedfortheM-RALM-O I test).
Figure7-27.MARCONI LWR OU family and M-RALM-01 test OU.
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Forcomparisonpurposes,theM-RALM-Ol systemwasalsotestedwithoutOU, using
'shielded'OF terminations,asshowninFig.7-28,inordertogetamaximumangleof
acceptanceof :t 20°in accordancewiththeOF specifications.ThePHOENIX NIR
camerawas alsousedin theexperiment,in orderto measuretheeffectivelaserspot
diameteronthetargetsurface.
Fig. 7-28.Opticalfibresshieldedtermination.
The M-RAM-Ol ProcessingUnit, togetherwith an exampleof thePC baseddisplay
softwareformatis shownin Fig.7-29.
Figure 7-29.M-RALM-01MARCONILWRprocessingunit and PC display software.
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In all cases,theM-RALM-OI wascapableof detectingthepresenceof thelaserspots,
evenwhentheassociatedpulsespeakenergieswereof thesameorderof magnitudeof
thebackgroundnoise(andtheotheravailableinstrumentationwasnotableto detecthe
laser spots). Furthermore,it was verified that using the OU the directional
discriminationcapabilitywas substantiallyincreasedwith respectto the case of
'shielded'OF withoutOU. Particularly,usingverynarrowlaserspots(i.e.,few
millimetres),it was observedan acceptanceangleof :t5° usingthe OU, againstan
effectiveacceptanceangleof :t26°usingthe 'shielded'OF. However,it wasverified
that,in bothcases,theangulardiscriminationcapabilityof thesystem,in thepresenceof
larger laser spots (i.e., 10-100cm) was seriouslyaffectedby undesiredmultiple
reflectionsof thelaserspots(Le.,multipath).Theconclusionwasthat,althoughsuitable
for detectingthepresenceof extremelylow energylaserpulsesandfor determiningthe
PRF of incidentlasersources,theM-RALM-OI systemwasnotsuitablefor the laser
spotenergymeasurementsrequiredforthePILASTER STD. Therefore,it wasdecided
to usetheM-RALM-OI systemonlyasanadditionalsensorfor confirmingthepresence
of laserspotsonthePILASTER FXDT target(or in itsvicinity)for safetypurposesand
measuringthePRF of incidentlasersources,duringbothtestandtrainingmissions.
7.5.3 Laser Energy Meter and Detectors Testing
As describedin chapter5, thePILASTER EMT-I techniquewasbasedon
directenergymeasurementsperformedatspecificlocationsonthepermanenttarget,and
useof theNIR cameragrey-scalePIM to reconstructthespotenergyprofile. This
conceptpresentedseveraldifficultiesfor its practicalimplementation.In fact,it was
difficultto findoff-the-shelfdetectorswithsufficientlylowNEP characteristics,capable
of measuringNIR laserenergyfrompulsesof verylow duration(i.e.,PD=20nsec)and
energylevelsrangingfromthenJ tothemJ.
After anextensivemarketsurvey,andvariouspreliminarylaboratoryexperiments,the
bestcandidateforthePILASTEREMT-I application(Le.,directenergymeasurements
atthetargetlocation)wastheORIEL 70834LaserEnergyMeter(LEM),equippedwith
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the ORIEL 708XX PyroelectricProbes(PEP). Somerelevantinformationaboutthe
ORIEL 708XXPyroelectricProbes(PEP) familyarereportedin Table7-4.
The aimof thistestwasto verifytheperformanceof theORIEL 70834LaserEnergy
Meter(LEM), equippedwiththeORIEL 708XX PyroelectricProbes(PEP), in termsof
dataaccuracyobtainableusingtrainsof laserpulseswith PRF = 10Hz, very short
durations(PD=20nsec)andvariousenergylevels(rangingfromtheIlJ tothehundreds
ofmJ).
Table7-4. PEP sensors characteristics.
Theexperimentwascarriedoutusingthetestsetupshownin Fig. 7-30,whichincluded
thefollowinginstrumentation:
Q-SwitchedNd:YAG laser(1);
Nd:YAG AttenuationFilters(2);
Narrowband(1064nm)Filter(3);
LEM (5)andPEP sensorsUnderTest(4);
Oscilloscope(6);
PC withSoftwareforDataDisplay,AnalysisandRecording(7).
ThetestwasperformedwithdifferentvaluesoftheLaserOutputEnergy(LOE),aPRF
of 10HzandaPTDof5 sec.
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PEP Size Max.PD Max.Pulse Energy Max.PRF Max.Avg. Typical Noise Model
(mm) (l1s) (Hz) Power Voltage Equivalent No.
@ 10ns @ 1I1s (W) Resp.(VmJ-1) Energy
5 50 1mJ 1mJ 400 2 3 15nJ 70810
9 100 4mJ 4mJ 200 2 0.8 35nJ 70811
25 200 150mJ 1250mJ 100 5 0.008 411J 70825
50 400 600mJ 5000mJ 50 10 0.002 50 I1J 70827
I
I
I
3 :
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
J
r-----------------
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
4
6
-----------
LEM and PEP
Under Test
Figure 7-30.PEPILEM initialtestsetup.
TheresultsofthetestsperformedarereportedinTable7-5.Particularly,thedifferences
(averageof 50measurementsandrelativestandardeviation)betweenthePEP-LEM
readingsandtheLOE values(.1%PEP-LOE),arelistedin thetable.
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Table 7-5. PEPILEM initial test results.
7.5.4 PHOENIX NIR Camera Calibration
Definitionof a reliablecalibrationprocedureforthePHOENIXNIR camera
wasveryimportantforthePILASTERprogram.Particularly,calibrationwasrequired
in orderto convertthe'greyscale'numericinformationassociatedwiththeacquired
laserspotimages(Grey-scalePixel IntensityMatrix - PIM), intoa valueof incident
energy(integratedin thespectralbandof thecamera).For thispurpose,thean
IntegratingSpherewasused(Fig.7-31).
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Laser Parameters Lt%PEP-PDD *
PEP PRF PTD LOE PD f.lPEP-LOE CTPEP-LOE
70810 5s 2!lJ 20ns 2.876% 1.647%
5s 20!lJ 20ns 1.060% 1.072%
5s 200!lJ 20ns -1.120% 2.283%
70811 5s 200!lJ 20ns 3.764% 1.760%
10 Hz 5s 2mJ 20ns -3.022% 1.445%
70825 5s 2mJ 20ns -2.120% 1.836%
5s 20mJ 20 ns -2.334% 1.945%
70827 5s 20mJ 20ns -4.045% 2.240%
5s 200mJ 20ns 3.908% 1.808%
* From 50 PEP measurements.
Particularly,withreferencetoFig.7-31,thefollowinginstrumentationsetupwasused
fortheNIR cameracalibration:
PHOENIX NIR Camera(1);
PC basedDataAcquisitionSystems(2)withIMAGE-PRO PLUS 4.1software;
Q-SwitchedNd:YAG laser(3);
Nd:YAG AttenuationFilters(4);
BeamSteeringOptics(5);
IntegratingSphere(6).
IR camerasemployingphoto-detectorsare characterizedby an outputsignal
proportionaltotheincidentIR energy.Particularly,in aNIR cameraemployingabi-
dimensionalsensormatrix(Le.,FocalPlaneArray- FPA) thisis trueforeverysingle
pixel.Therefore,fromthenumericinformationassociatedtotheimage(Le.,Grey-scale
Pixel IntensityMatrix - GPIM) it is possibleto reconstructthebi-dimensionalmapof
the energyirradiatedby a targetwithin the sceneobservedby the NIR camera
(integratedradianceinthecameraspectralband).
In thePHOENIX NIR camera,theFPA analogsignalsareprocessedby theread-out
electroniccircuits,producinga digitaloutputof theimage(Le., 12-bitAnalogDigital
Unit - ADU). Therefore,constructinga calibrationcurvefortheRadiantIntensities
(W/cm2sr)associatedto theADU Grey-scalevalues,andusinga dedicatedimage
analysisoftware(Le.,IMAGE-PRO PLUS 4.1),it is possibleto obtaintheimage
EnergyPixelIntensityMatrix(EPIM)givingtheenergyassociatedtoeachpixelinthe
NIR cameraimage.
Thelinearityofthephoto-detectorresponseallowsaccuratemeasurementsi thecamera
dynamicrange,withonlyalimitednumberofcalibrationdatapoints.Furthermore,NIR
cameraslikethePHOENIX, featuringa variableintegrationtime(selectableby the
operator),givetheopportunityofperformingmeasurementsi a linearegimewithina
wideintervalof integratedradiancevalues,thusobtainingreliablemeasurements.
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Figure 7-31.NIR cameracalibrationprocedure.
Calibrationof thePHOENIX cameracanthenbedefinedastheexperimentalprocedure
thatallowsdeterminationof theADD/IntegratedRadianceResponseFunction(AIRF).
The inverseof theAIRF is usedbytheimageanalysissoftwaretool in orderto obtain,
directlyasanimageattribute,thevaluesof integratedenergyin thespectralbandof the
camera.
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In thecaseofaphoto-detectorheresponseofasinglepixelintermsofAnalogDigital
Unit(ADU)is:
A ).2
ADVi,} oc " .£1L2,1.g.ilime. fTi.1'/.Ei.dA.
i.l
(7.4)
whereA is wavelength,A}andA2arethelimitsof thecameraspectralband(withfilter),
1];.is thedetectorquantumefficiency(whosespectraldistributionis typicallyconstant),
E;. is thespectralradiance,T;.istheopticstransmittance,A isthepixelarea(30J..lmx 30
J..lmforthePHOENIX-NIR camera),g is thegainof theread-outelectronics,f#is thef-
numberoftheopticsandilime isthecameraintegrationtime.
Therefore,theexperimentalp rameterstobecontrolleduringthecalibrationprocedure
aretheintegrationtime,theoptics.f-numberandothersettingsof theNIR camera(e.g.,
thegainof theread-outelectronicswhichmaybeselectedbytheoperator).Fixingthese
parametersforacertainintervalof integralradiance,it ispossibletodeterminetheAIRF
of thecameraby usinganextendedreferencesource.The function(calibrationcurve)
soobtained,validforthespecificsetupof thecamerapreviouslydefined,is thenusedto
determinethe valuesof integralradianceto be usedfor reconstructingthe radiant
intensitymapof thetarget.The spectralresponse(determinedexperimentally)of the
InGaAssensoremployedinthePHOENIX NIR camerais shownin Fig.7-32.
Thecurveshowsthatthesensoroutputisavalueof radianceintegratedintheband0.9-
1.6J..lm.This impliesthat,inordertoperformmeasurementsoftheenergyreflectedbya
target(withknownreflectanceharacteristics)illuminatedbya laser,it is necessaryto
considerablyreducethespectralresponseof thecamerabyusinga narrowbandfilter
(centredat1064nm),inordertodrasticallyreducethecontributionsofthebackground.
Theuseof suchafilterallows,usingthesamecamerasetup,accuratemeasurementsof
laserenergy,independentlyfromtheambientillumination,bothin dayandnight
conditions.
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Fig. 7-32.Spectralresponseof theFPA employedin thePHOENIXNIR camera.
The required calibration sourcehas to be characterisedby a known (tuneable)energy
intensity over an extendedarea. Theidealmatchto suchrequirementis to usean
IntegratingSpherewithaninputfromanexternalvariablepowereferencelaser.Thisis
becausetheIntegratingSpherecharacteristicsaresuchthatit canproduceanoutput
uniformenergydistributionbyusinganarrowbeamwidthlaserasaninput.
The stepsrequiredto accomplishthe NIR cameracalibrationprocedureare the
following:
Definethecamerasetuparameters(i.e.,integrationtime,f-numberoftheoptics
andread-outelectronicsgain.
SetavaluePI oftheoutputpowerofthelaser.
Obtainthe first datapoint (PI, ADUI), acquiringthe cameraimageand
determiningthecorrespondingADD value(ADUI)usingtheimageanalysisand
processingtool.
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Modify the laseroutputpower (valueP2) and repeatthe step3 in order to
determinetheseconddatapoint(P2,ADU2).
Repeathestep4 a numberof timessufficiento obtaina stableAIRF solutionas
theoutputof a linearinterpolationprocessusingalldatapoints(Pn,ADUn).
Repeathesteps1-5asrequiredtoobtainanAIRF foreachcombinationof camera
setupparametersneededoperationally.
UsingtheseAIRF withsuitablesoftwareroutinesin theimageanalysisandprocessing
tool,allowstoobtaindirectlyontheNIR cameraimagestherelativevaluesof integrated
radiance.
7.6 LOAS Laser Sub-system Testing
BeforeperforminggroundandflighttestactivitiesusingtheLOAS system,
itsEr++dopedfibrelasersub-system(IRE POLUS Groupmod.ELPM-20K) wastested
in the laboratory,in order to determine,againstthe manufacturerspecification
documents,thefollowingcharacteristics:
Averagepowertransmitted;
Pulseduration;
PulseRepetitionFrequency(PRF);
Laserbeammisalignmentwithrespectothebeam-expandersupport;
Powerconsumption,WeightandDimensions.
TheELPM-20K laseris shownin Fig.7-33.Theinstrumentationusedforthetestsis the
following:
TesterHew/ettPackard3478A;
SurfaceAbsorptionDiskCalorimeterScientech36-0001;
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MicrometricSupport;
MultimodeOpticaladapterSMA-FC-PC;
He-NeLaserMellesGriot05-LHR-991;
OscilloscopeTektronix520D;
OpticalprobeTektronixP6703B;
OpticalprobeTektronixP6701B;
PowerSupplyDelta7020;
ND OpticalFilters.
Figure 7-33.ELPM-20Klaser (LOAS).
Thetestsetupis shownin Fig. 7-34. All themeasurementswereperformedin a
temperatureint rvalof18-:-22cC.
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Figure7-34. ELPM-20K test setup.
AveraaePowertransmitted
For measuringtheaverageopticalpowerof thelaserthedisk calorimetereadouthas
beenused,adoptingthefollowingprocedure:
Beamexpander-calorimeteralignment;
Laseractivation;
Regulationof thebeamdirectionin ordertoobtainthemaximumreadoutvalueon
thecalorimeter;
Waitfor laserstabilization(20minutes);
Calorimetereadoutrecording.
Althoughall prescribedcalibrationprocedureswerefollowed,to checkthecorrectness
of themeasurement,thecalorimeterinternalcalibrationresistancewasconnectedto the
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powersupply.Thenthepowersupplywasregulatedinordertoobtainthesamereadout
previouslyrecordeduringthelaseractivation,andthevoltageappliedtotheresistance
wasmeasuredusingthetester.ThevoltagereadoutwasV=7.757,witharesistanceR=
41Q. Usingtheformula:
V2
p--
- R.Co
(7.5)
whereCo is thecalorimeteropticalabsorptioncoefficient(whosevalueis 0.98),the
opticalpowerP equatesto 1.49Watt.
PulseDuration
Thelaserpulsedurationwasmeasuredusingtheoscilloscopeopticalprobe(usingthe
multi-modeopticaladapterandND opticalfiltersbetweentheopticalfiberandthebeam
expandertoavoidprobesaturation).TheresultisshowninFig.7-35.
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Figure 7-35.ELPM-20Kpulse durationmeasurement.
7-46
Duringthemeasurements,itwasnotedamarkedependencyofthepulseshapeonthe
observationposition(probablyduetothedifferentmodesofpropagationof theoptical
fiber).Therefore,furthermeasurementswereperformedusingthesignalreflectedbya
surface(asin theLOAS realcase,wheretheopticalsignalreceivedby theAPD is
reflectedfromanobstacle).
Theresultof oneof thetestsperformedusinga greenpaintedaluminiumtargetare
shownin Fig. 7-36. In thissituation,an integrationof thevariousopticalfiber
propagationmodesproducesa"smooth"pulseshape.Thisfactisbeneficialintermsof
the requiredelectricalbandfor optical-electricalconversion(APD) and signal
amplification.
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Figure 7-36. ELPM-20Kpulse reflectedfroma greenpaintedtarget.
Laserbeammisalianmentwithresoectothebeam-exoandersuooorl
For measuringthe beammisalignment,thebeamexpanderwas placedinto the
micrometricsupport,andregulated(azimuthandelevation),in orderto obtaina
maximumforthesignalamplitudemeasuredbytheoscilloscope(Fig.7-34).Thenthe
beamexpanderwasreplacedby theHe-NeMellesGriot laser,whosecilindrical
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packaging,withthesamediameterofthebeamexpander,isalignedwithitslaserbeam
withanerror~I mrad(smallwithrespecttothealignmenterrorthathadtomeasure:
expectedvalue~ 10 mrad). Usingtheprobe670lB (0.5 /lm -+- 0.95/lm band),the
micrometricsupportwas regulatedin order to obtaina maximumfor the amplitudeof
thesignalmeasuredbytheoscilloscope.Therefore,measuringthemicrometersshiftsin
azimuthandelevation,thelaserbeammisalignmentwasdetermined.Particularly,the
measuredmisalignmentwas5mrad.
PulseRepetitionFreauency
Tek Run: 100MS/s sample ImDJ
ET. -------
DPO Brightness: 80 %
_m] ~
._-; ;_._; ;---
.uJ..!W 20 Jan 2000
17:35:14
Figure 7-37.ELPM-20KPulse RepetitionFrequency(PRF).
PowerConsumption.WeiahtandDimensions
Thepowerconsumptionmeasuredat25 QCwasabout50 W. Theneedto maintaina
constanttemperaturefor the pumpingdiode (usingPe/tier elements),madepower
consumptiona functionof ambientemperature.Testsconductedin a thermalchamber
witha temperaturerangeof -I 0 QC-;-50QCdemonstrateda maximumconsumptionof
80 W. ELPM-20K laserweightanddimensionswereadequatefor integrationin the
LOAS system.
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TheresultsofalltestsperformedaresummarizedinTable7-6.
Table7-6. ELPM-20Klasertestresults.
7.7 Test of Protection Filters
Duringthisresearch,a numberof laboratorymeasurementswereperformed
on variousprotectionfilters, in order to selectthe bestof current(commercially
available) systems(Le., optical density,transmittancein the visible, etc.) for
employmentatthePILASTER. Thesemeasurementsi cluded:
groundpersonnelprotectiongoggles;
aircrewprotectionvisorsandspectacles;
LTR CinetheodolitesOperatorSight(COS) filters.
In the lastcase,theopticalgainof theCOS neededto be determinedfirst. For all
systems,theprincipalobjectivesofthelaboratoryactivitieswere:
determinationfthefiltersOpticalDensity(OD)atA=1064nm;
determinationfthetransmittanceinthevisible.
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PARAMETER LOAS SPEC MEASURE
Average powertransmitted 1.2W 1.49W
Pulse duration 2 +5 nsec 2.8 nsec
Pulse RepetitionFrequency(PRF) 40 KHz 40 KHz
Laser beammisalignmentwith respect 10 mrad 5 mrad
to the beam-expandersupport
Power consumption <200 W <50 W @ 25°C
Weight <4.8 Kg 3.1 Kg
Dimensions 270 X 50 X 190mm 270 X 35.5 X 190
(LXAXP) mm (LXAXP)
7.7.1 Filters for Ground Personnel and Aircrew
The instrumentationarrangementrequiredto performthemeasurementson
groundpersonnel/aircrewprotectionfiltersis illustratedin Fig. 7-38. With referenceto
thefigure,thefollowingequipmentwasused:
1)
2)
3)
4)
Nd:YAG laser(QuantelYG 780-20)
Neutraldensityfilters(Opticsfor Research0.h-4.0ND)
Beam-steeringoptics
Protectionfilters:
- LaserVisionmod.01.307.00(spectacles)
- LaserVisionmod.01.606.00(spectacles)
- Cilasmod.IR3-01(spectacles)
- Gentexmod.91A8053-3(aircrewhelmetvisor)
5)
6)
Lithiumtantalitenergydetector(Newportmod.8181-50)
Multifunctionopticalmeter(Newportmod.2835)
1 2 3 4 5
6
Figure 7-38. Instrumentationfor filtersOD determination.
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TheOpticalDensities(OD')ofeachprotectionfilterwasobtainedusingtheaverageof5
energymeasurementsobtainedwithandwithoutinterpositionf theprotectionfilterin
theopticalcircuitshowninFig.7-38,andusingtheformula:
E;(HJ
OD=logloE;(HJ
(7.6)
whereE;(HJ is the IncidentIrradiance(RadiantExposure)and El(HI) is the
TransmittedIrradiance(RadiantExposure).Thevariousprotectionfilterstestedare
showninFig.7-39.
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1) LaserVisionmod.01.307.00
2) LaserVisionmod.01.606.00
3) CILAS mod.IR3-01
4) GENTEX mod.91AB053-3
/
Figure 7-39. Testedlaserprotectionfilters.
Theresultsof themeasurementsarereportedinTable7-7.
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Table7-7. ProtectionfiltersODmeasurementsresults.
Transmissioni the visible (J'O/o)was measuredusingthePerkin Elmer Lambda-19
equippedwith an integratingsphere and capable to determine
in the 350 + 2500 nm spectralrange. Before performingthe
spectrometer,
transmittance
measurements,theinstrumentwascalibratedwitha standardBaS04reference.For
eachfilter,it wasinitiallyperformeda scanin theentireinstrumentspectralrangein
ordertodeterminethecut-offfrequencies,thena finemeasurementwasperformedin
the350+750nminterval.TheresultsofthemeasurementsarepresentedinFig.7-40.
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Figure 7-40. Protectionfilterstransmissionmeasurementsresults.
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OD
FILTERS
Specified Measured
LaserVisionmod.01.307.00 5 5.4
LaserVisionmod.01.606.00 5 5.7
Citasmod.IR3-01 4 4.6
Gentexmod.91A8053-3 3.5 3.5
Althoughall filtersmatchedthePILASTER programrequirements,hefiltersfinally
selectedwerethe Laser Vision01.606.00for groundpersonnelandthe Gentex
91A8053-3visorforaircrews.Thislastfilter,incomparisonwithotherpossiblelaser
visorsandspectacles,alsoofferedtheadvantageof aneasyintegrationi totheHGU-
55/Gstandardhelmet(alsoproducedbyGentex)alreadyin servicewiththeItalianAir
Force.
7.7.2 Test of PILASTER Cinetheodolite Optics
The instrumentationarrangementrequiredto performthemeasurementsof
COS opticalgain(G) is illustratedin Fig.7-41.
1 2 3 4 5
7
6
Figure 7-41. Instrumentation for COS optical gain determination.
With referencetothefigure,thefollowingequipmentwasused:
1)
2)
3)
Nd:YAG laser(QuantelYG 780-20)
Neutraldensityfilters(Opticsfor Research0.174.0ND)
Beam-steeringoptics
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4)
5)
6)
7)
Beamexpandingoptics
PILASTERCITE OperatorSight(Kern"So/mar"optics2xand12x)
Si-photodiodetector(Newportlow-powerdetectormod.818SL)
Multifunctionopticalmeter(Newportmod.2835)
As theCOS featurestwodifferentmagnificationoptions(M = 4 andM = 12),the
measurementswereperformedwithM =12(worstcaseforsafety).Thelaserirradiance
wasthenmeasuredbeforetheCOSinput(E;)andsuccessivelyattheexitpupilof the
instrument(Eo).Themeasurementshavebeenperformedwithdifferentvaluesof input
irradiance.TheresultsarereportedinTable7-8,werethevaluesofoutputlaserpower
(Po)havebeennormalized(referredtotheunitsurface).
Table7-8. COS Opticalgaindetermination
The optical gain G is requiredfor safetycalculationsand determinationof the
appropriateOD forCOS operatorprotectionfilters.Particularly,giventheNOHD of the
systemto be usedat the PILASTER range,the ExtendedNominal OcularHazard
Distance(ENOHD) is givenby:
ENOHD =NOHD.G+ a.(G-l)
rjJ
(7.7)
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Measure Ej (pWcm-2) Po(pW) Eo(pWcm-2) Eo/Ej=c;2 G
1 1.4 18.0 143.2 102.3 10.11
2 2.8 36.2 288.1 102.9 10.14
3 8.5 108.0 859.4 101.1 10.06
4 26.8 344.2 2739.1 101.5 10.07
5 49.2 635.3 5055.6 102.8 10.14
TheODoftheCOSoperatorprotectionfilterisgivenby:
EiKOS
OD ~loglo-E
'
MPE
(7.8)
wereEMPEis maximumirradiancepermittedforthenakedhumaneye(eitherfora single
pulseor for a trainof pulses,dependingonsystemmodeof operation)andEi,KOSis the
irradianceexpectedto reachtheCOS operatoreyein theabsenceof a filter,which is
givenby:
Ei,KOS=EMPE .G-2 (7.9)
Fromthe calculationperformedusingtheELOP-PLD andCLDP technicaldata,
consideringthegeometriesinvolvedwithtypicaltest/trainingmissions,a filterwithOD
~5couldbeusedsuccessfullyforCOS operatorprotection.Therefore,theLaser Vision
01.606.00filter, alreadyselectedfor groundpersonnel,was also suitablefor COS
operatorprotectionduringELOP-PLD andCLDP missionsatthePILASTER range.
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ChaDter8
GROUND EXPERIMENTAL ACTIVITIES
8.1 General
Groundexperimentsperformed uringthisresearchincludedNear Infrared
(NIR) laserbeamatmosphericpropagationmeasurements,LTDILRF pointingaccuracy
tests,systemsharmonisationandperformancevaluationtrialsof theSTD andDGPS
componentsof the PILASTER system. Furthermore,dedicatedgroundtrials were
performedwiththeLOAS systeminordertoassessitsdetectionperformance(invarious
weatherconditions),andtoverifythereliabilityof itsobstacleclassificationalgorithms.
This chapterdescribesfield trials and experimentscarriedout duringthe research.
Particularly,testsobjectivesandprocedures,instrumentationrequirementsandthedata
analysismethodsare described,togetherwith resultsof all groundexperimental
activities.
8.2 Atmospheric Extinction Measurements
In orderto characteriseatmosphericpropagationatA = 1064nmandA =
1550nm,varioustestswereperformedat thePISQ lasertestrange,usingthe
PILASTER STDandadditionalinstrumentation.Particularly,thefollowingactivities
wereperformed:
Determinationf atmosphericextinctionwithdifferentvisibilities,temperatures,
relativehumidityvalues,windintensities/directions,etc.;
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Determinationf atmosphericextinctionwithdifferenttypesof rain(Le.,rainfall-
rate,raindropsdimensions,etc.).
Forthispurposes,theELOP-PLDandamodifiedversionof theLOAS systemswere
used,inconjunctionwithsuitableweathermonitoringinstrumentation.Theprimaryaim
of thesetestactivitieswas to startdataacquisitionfor compilationof a Laser
PropagationDataBase(LPDB), necessaryto validate/improvethepropagationmodels
usedfor simulationandanalysisatthePILASTER range.
Propagationmeasurementsat A = 1064nm were performedusing the samebasic
equipmentemployedfor the PILASTER STD, includingdetectorsat the targets
locationsand NIR camerasfor beam characterization(Le., energymeasurement
systems). Furthermore,someadditionalinstrumentationwasusedfor performing
extinctionmeasurementsa A = 1550nm,in conjunctionwiththemodifiedLOAS
system.Duringthemeasurements,anumberofatmosphericparametersweremonitored
andrecorded:meteorologicalvisibility(V),temperature(1), relativehumidity(RH),
atmosphericpressure(P),winddirectionandvelocity(WdandWv),solarradiation(Es),
and cloud amount. The local atmosphericparameterswere continuously
measured/recorded,duringthe testsessions,usingthePILASTER meteorological
instrumentation.Theseparameterswerealsomonitoredby the local Air Force
MeteorologicalOffices(therelevantverticalprofilesweredeterminedwiththeaidof
instrumentedmeteorological-balloons).
MeteorologicaldatawerecollectedatthePILASTERtestrangeindifferentseasonsand
atdifferenttimesoftheday(4timesadaywith6hourssamplingintervals),inorderto
definea setof representativew atherconditionsfor performinglaserpropagation
measurements.TheWMOscalesusedtoclassifycloudamountandhorizontalvisibility
aredefinedin Table8-1. TheCumulativeFrequencyDistributionFunctions(CDF)
relativeto thedatacollectedin theyears1888-2003(dividedin fourgroupsof three
months:Dec/Jan/Feb,Mar/Apr/May,Jun/Jul/AugandSept/Oct/Nov)areshownin the
Figures8-1to8-3.
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Table8-1. WMOscales used to classifycloudamountandhorizontalvisibility.
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Figure 8-1. PILASTER horizontalvisibilityCDF (1998-2003).
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WMO code Cloud amount
0 Noclouds
1 1/8
2 2/8
3 3/8
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Figure8-2. PILASTER cloudamountCDF (1998-2003).
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Figure 8-3. PILASTER relativehumidityCDF (1998-2003).
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TheELOP-PLD(A=1064nm)andtheLOAS (A=1550nm)systemswereusedasthe
Particularly,in orderto performlasersourcesfor propagationmeasurements.
measurementsa A =1550nmtheLOAS transmitterandreceiversub-systemswere
mountedonatripod,asshowninFig.8-4.
<-
ELOP.PLD LOAStransmitter/receiver
Fig.8-4.ELOP-PLD and modified LOAS systems.
ThePILASTERtestrangeareasusedforlaserbeampropagationmeasurementsandthe
locationsof systemsandtargetsusedfortestsatA =1064nmandA =1550nmare
showninFig.8-5.Moredetailsaboutpropagationtestsgeometriesarepresentedlaterin
thischapter.
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Figure 8-5. PILASTER areasusedfor atmosphericpropagationmeasurements.
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Thethreetechniquesu edforatmosphericpropagationtestswerethefollowing:
ExtinctionMeasurementTechniquen° 1 (EMT-I), employingPILASTER STU
instrumentation(Le.,non-calibratedPhoenixNIR camerandPEP sensors),for
measurementsatA=1064nm.
ExtinctionMeasurementTechniquen° 2 (EMT-2),employingthePILASTER
calibratedPhoenixNIR camera,formeasurementsatA=1064nm.
ExtinctionMeasurementTechniquen° 3 (EMT-3), specificallydevelopedfor
measurementsatA=1550nm,usingthemodifiedLOASsystem.
EMT-3 had to be adoptedinsteadof EMT-I andEMT-2 (pILASTER standard
techniques),becausetheLOAS lasertransmitterpresenteda PRF of 40 kHz, not
compatiblewith the standardPILASTER STU sensorsresponse.Therefore,the
PhoenixNIR camerawasfilteredandcalibratedonlyformeasurementsat'A.=1064nm.
Furthermore,a ControlTechnique(EMT-CT) wasadoptedforfieldcalibrationof the
PILASTER EMT-I andEMT-2. TheEMT-1andEMT-2techniquesweredescribedin
chapter5. TherationalesofEMT-CT andEMT-3arepresentedbelow.
8.2.1 EMT Control Technique (EMT-CT)
A controltechniqueswasadoptedtopreliminarilyverifythereliabilityand
accuracyofthePILASTEREMT-I andEMT-2. Thiscontroltechniquewasbasedona
verysimpleconcept(seeFig.8-6).PlacingthePLD/LOASsystemsandthePILASTER
NIR camera(withappropriateoptics)verycloseto thetargetsurface(lOOm and80m
respectively)in conditionsof verygoodvisibility(V> 20km)andlow humidity(RH <
65%atT <25°),it wasreasonableto assumethattheentireoutputlaserenergyreached
thetargetsurface(Le., 'ratm= 100%),andthattheNIR cameradetectedthewholelaser
spotenergy.
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PEP Sensors
Figure 8-6. Experimentala"angementfor EMT-CT tests.
Beamexpansionandcalibratedattenuationpticswereusedtoconvenientlymodifythe
outputlaserbeamfor performingsimultaneousNIR cameraand PEP sensors
measurements.Therefore,usingthetestinstrumentationsetupshownin Fig.8-6and
performinga large numberof measurements,he errorsof the PILASTER
instrumentationn measuringatmospherictransmittance(EMT-1andEMT-2)couldbe
estimatedbystandardmathematicalandstatisticaltechniques.
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8.2.2 Description of EMT-3
SincetheLOAS lasertransmitterp esentedaPRF of40kHz,notcompatible
withthestandardPILASTER STDsensorsresponse(PhoenixNIR camerafull-frame),
an additionaltechniquewas developedfor performingatmosphericpropagation
measurementsat A = 1550nm. This techniqueallowedindirectdeterminationf
atmosphericextinctionmeasuringtheLOAS transmittedlaserpowerandtheanodic
voltageatthereceiver.Therationaleofthisnewtechniqueisthefollowing.
In general,thefunctiondescribingtheanodicvoltageatthereceivercanbeexpressedin
theform:
v =RL.Rs.P (8.1)
whereV is theanodicvoltage,Rr is theanodicload(n), Rsis thedetectorresponsivity
(AlW),andP isthepowereachingthereceiverdetector(W).
Fromthediscussionaboutlasersystemsperformancecalculation(chapter3),assuming
anextendedtarget,thepoweratthedetectorcanbeexpressedasfollows:
1
P =K SYS .P .-. e-2rdo
d 20
(8.2)
wherep is the targetreflectivity,do is the distanceof the targetfrom the
transmitter/receiver,andr is theextinctioncoefficient.Ksysis a constantwhich
accountsforall relevanttransmitter/receiversystemsparameters(e.g.,transmittedlaser
power(Po),efficiencyof thetransmittingandreceivingoptics(17TX,17RX),outputbeam
diameteranddivergence(Dr,aT),transmitter/receiverLOSgeometry,etc.).
Therefore,usingtwo identicalLambertiantargetsplacedat slant-rangesd] andd2
respectivelyfromthe lasertransmitter/receiverwith a similarLOS geometry,and
assumingthattheextinctioncoefficientis constantin theslant-rangesconsidered,the
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followingexpressionscanbewrittenfor thetwo anodicvoltagesmeasuredat the
receiverusingtargetn°1(VI)andtargetn°2 (V2):
V =R .R .
(
K .p '~'e-2Yd]
JI L S SYS d2I
(8.3)
v, =R, -Rs -(KSYS-p- d> -e-2"',J
(8.4)
It is reasonabletoassumethat,measuringtheanodicvoltagesVI andV2, all system
parametersremainconstant,excepthetransmittedlaserpower(Po)whichmayvary
significantlyinthetimeintervalswherethetwomeasurementsessionsareperformed.
Withtheseassumptions,wecanwritethefollowingexpressions:
-2yd]e
VI =K ,POI'---;;-:
(8.5)
-2yd2e
V =K,P02'- d2 2
(8.6)
wherePOI and PQ2are the transmittedlaserpowers,and the factorK containsall
constantterms.Therefore:
2
VI - Pal '~'e2Y(d2-d])-- 2
V2 P02 dl
(8.7)
andfinallyweobtain:
~.ln
r =2!J..d
[
~
J
' dl2
Pal
[
~
J
'd/
P02
(8.8)
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wherethedifferenceof thesystemtotargetslant-ranges(d]- d2)hasbeenreplacedby
thesymbolL1d.It shouldbenotedthatallparameterscontributingtotheconstantK do
notaffectthemeasurements(i.e.,knowledgeof theseparametersi notrequiredif their
valueremainsconstantduringthemeasurementsperformedon targetn° 1 andn° 2).
TObviously,theaccuracyinthemeasurementofyisaffectedby:
theerrorinmeasuringthedistancesd]andd2;
theerrorin measuringthevoltagesV]andV2;
theerrorinmeasuringthepowersPO]andP02.
Therefore,consideringthe errorsrelativeto the measuredparameters((J'dJ,(J'd2,(J'vJ,(J'V2,
(J'POJ,(J'P02),we can write:
1
(J'y2 = (2ddY (
(J' 2 (J' 2
J
1
(
(J' 2 (J' 2
J
. ~+ ~ . Pal + P02 +
V.2 V/ + (2ddY PO.2 po/
( J
2 2
( J
2 2
y2 1 (J' y2 1 (J'
+ dd2. d2+r . d:22+ dd2. dJ+r . d>
(8.9)
Assumingthattheerror(J'dandtherelativeerrors(J'v/Vand(J'pc/P0 arethesamefor the
measurementsperformedwithtargetn° 1andtargetn°2,wehave:
(J' 2 =~.
(
(J'v2 +(J'Po2
J
+L'
[(
d +!
J
2. (J'/ +
(
d +!
J
2. (J'/
]y 2dd2 V2 P 2 dd 2 J Y d 2 2 Y d 20 J 2
(8.10)
Rearrangingthetermsineq.(8.10),weobtain:
{ (
2 2
J [( J
2 2
( J
2 2
]}
1 1 (J'v (J'Po 2 1 (J'd 1 (J'd
(J'y =M. '/2"' V2 + P02 +y' d.+y . dJ2+ d2+y .d/
(8.11)
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Thus,it is evidenthattheerrorin themeasurementof r is stronglyaffectedbythe
distancebetweenthe two targets. For instance,in the case of the LOAS
transmitter/receiverparameters,CTV/V= 5% and CTpc/P0 = 2%. Assuming CTd= 1m, d] =
800m,L1d=100m,d2=800m,r= 7xlO-4m-\ fromeq.(8.11)weobtainarelative
measurementerrorCTlrof about54%. Obviously,doublingthedistancebetweenthe
twotargets(e.g,assumingL1d=200mandd2= 1000m),theestimatedrelativerror
wouldbe27%(halfofthepreviouscase).
Theexperimentalarrangementusedfortheextinctionmeasurementsa A= 1550nmis
shownin Fig. 8-7. SincetheLOAS andthetargetscoordinatesweredeterminedby
meansof DifferentialGPS (DGPS)staticsurveys,wehadCTd~0.01.Therefore:
(
2 2
J [( )
2 2
( )
2 2
]
1 CTv CTPo 2 1 CTd 1 CTd
-. -+- »>r ' d +- .-+ d +- ,-
2 V2 P 2 1 r d 2 2 r d 2012
(8.12)
and:
(
2 2
J
1 1 CTv CTPo
CTy= I1d' J"2' 7+ P02
(8.13)
As inourcaseL1d=1000m,theestimatedmeasurementrrorwas:
- 1
/
1
(
CT 2 CT 2
JCTy=I1d" 2' ;2+ ~2 =3.81.10-5m-I
(8.13)
Therefore,sinceingeneralr >10-4m-I,wecalculatedamaximumrelativerrorCTlrof
about4%.
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ChaDter6
SYSTEMS EYE-SAFETY ANAL YSIS
6.1 General
Themethodsdevelopedforevaluatingthehazardsassociatedwiththeuse
of groundandairbornelasersystemsoperatinginthevisibleandnearinfra-rednon-
eyesafeportionsof thespectrumis presentedin thischapter.Particularly,safety
issuesof state-of-the-artNd:Y AG targetdesignators(LTD) are thoroughly
investigated,in order to identifyoperationalproceduresand limitationsfor
employmentof suchequipmenta thePILASTER rangeduringexecutionofbothtest
andtrainingmissions.
Variousmathematicallgorithmsarepresented,evelopedfor employmentin the
PILASTER missionplanningtools,thatallowacompleteverificationof laser-safety
for groundandairbornelasersystems.A descriptionof thelaser-safetysimulation
programsdeveloped,togetherwithsamplesimulationresultsaregiveninthechapter
10ofthisthesis.
Althoughtheresultspresentedwereoriginallydevelopedforairborne/groundpulsed
lasertargetdesignators,theyalsoapplytoothernon-eyesafelasersystemsincluding
pulsedrangefindersandbeamridersoperatingin thevisibleandnear-infrared
portionsoftheelectromagneticspectrum.
6.2 Laser Safety Standards
Themethodologytobeusedin lasersafetyassessmentsis prescribedby
variousNATO andnationalasersafetystandards[1-8],includingtheSTANAG
3606,the SMD-W-OOlItalianmilitarystandard,the JSP 390 British military
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standard,etc..However,noneof thesestandardsfocusesonAirborneLaserSystems
(ALS's), andonly genericsuggestionsaregivenon how to applythe various
proposedsafetyareascalculationroutinestothecaseof highlydynamicplatforms,
suchasairbornedesignationsystems.Furthermore,alsointhecasesofGroundLaser
Systems(GLS's), thedeterministicapproachesdescribedin theNATO/national
standardsoftenleadto safetyareascalculationsexceedingthedimensionsof most
existingtestranges.Thealternativestatisticapproachesproposedin thestandards,
ontheotherhand,arebasedonseveralassumptions/systemmodelsandimplyaclear
definitionof risklevels(e.g.,maximumprobabilityofeyeinjury),whichin various
NATO countries(andin Italyas well) arenotjet available.Therefore,new
algorithmsandproceduresweredevelopedwhich,respectingall necessarysafety
criteria,leadtopracticallasersafetyareasforbothALS andGLS systems.These
newly developedalgorithmsand procedures,which representedan important
integrationoftheexistingNATO/Italianstandards,arebeingusedatthePILASTER
rangein Sardinia,duringexecutionofbothtestandtrainingmissions.Furthermore,
followingtheresultsofthisresearch,someactionsarenowbeingtakenbytheItalian
Ministeryof Defencein ordertoproposemodifications/integrationst theexisting
STANAG 3606andrelatednationaldocuments.
6.3 Ocular HazardDistance
AccordingtoNATO STANAG 3606andtheItalianSMD-W-OOlmilitary
lasersafetystandard(developedin accordancewiththeSTANAG 3606andquite
similartotheJSP 390Britishmilitarystandard),theOcularHazardDistance(OHD)
isrequiredforcalculatingalllaserhazardareas.ThefactorsaffectingtheOHDare:
a. designcharacteristicsofthelasersystem;
b. atmosphericattenuation;
c. atmospherics intillation;
d. useof laserprotectiveyewear;
e. viewingthroughmagnifyingoptics;
f near-fieldeffects;
g. useofbeamattenuatingfilters.
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In thisparagrph,onlythemostimportantequationsnecessarytocalculatetheOHD
forpulsedALS/GLSduetothefactorsa-garepresented.Moredetailedinformation
aboutthe variousmodelspresentedhere,togetherwith additionalequations
accountingfor differentsystems/scenariosmaybe foundin theliterature(see,for
gudance,theLaserSafetyStandardslistedinthereferences).
Thekeysystem-relatedparametersto betakenintoaccountfor calculationof the
OHD aretheMaximumPermissibleExposure(MPE) andtheNominalOcular
HazardDistance(NOHD). TheMPE, generallyexpressedin J/cm2is a functionof
theExposureTime(TiJ. KnowingtheMPE forasinglepulse,theMPE foratrainof
pulsescanbecalculatedusingthefollowingequation:
1
MPEr =MPEpxV/xTE
(6.1)
where:
MPEp
MPET
= maximumpermissibleexposure(singlepulse)
= maximumpermissibleexposure(train)
f
TE
= pulserepetitionfrequency
= timeofexposure
Therearevariousexpressionsu edtocalculatethevalueoftheNOHD,dependingon
thecharacteristicsofthelaser(i.e.,pulsed/CW,single-pulse/trainofpulses,Gaussian
ornon-Gaussianbeam,etc.),andthelocationof theobserver(directilluminationor
diffusereflection).A formof theNOHD equationvalidfordirectvisionof pulsed
laserswithGaussianbeamdistributions,i thefollowing:
1.27.Q.V/. TE
NOHD= ' MPEp -a
(/J
(6.2)
where:
Q outputlaserpulsepeackenergy
outputbeamdiametera
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AccordingtotheItalianSafetyStandardSMD-W-OOl,fornon-GaussianbeamsQ in
equation(6.2)shouldbemultipliedbya factorof 2.5. ThecumulativeOHD arises
fromthefull orpartialapplicationof correctionfactorstotheNOHD allowingfor
near-filed effects, magnifyingoptics, atmosphericextinction,
scintillation,beamattenuatingfiltersandprotectivelasereyewear.
atmospheric
If thelaserradiationis viewedthroughmagnifyingopticalinstruments,theNOHD
will increaseto a distancecalledtheExtendedOcularHazardDistance(EOHD),
whichcanbecalculatedusingthefollowingequation:
EOHD =NOHD. JK (6.2)
whereK is a factordependingonthelaserwavelengthandtheviewingconditions
(refertoSMD-W-OOlorJSP 390fordetailsaboutcalculationofK).
BothSMD-W-OOlandJSP 390includethefollowingequationfor calculatingthe
reductionofthehazardistanceduetoatmosphericattenuation:
OHD - NOHDy-
2 - e-O.5y.NOHD
(6.3)
wherer is theatmosphericattenuationcoefficient.Bothstandardsalsorefertothe
followingmodelfor calculatingtheatmosphericextinctioncoefficientfor laser
wavelengthsbetween400and2000nm:
r=10-3.e:l}e~Or
(6.4)
where:
V
A
= meteorologicalr nge(km)
= laserwavelength(nm)
A = exponentvaryingwith Vandgivenby 0.585.VO.33
It is evidenthateq.(6.4)is oneof theequationsalreadyusedintheESLM empiric
model(seechapter3) to determinethescatteringcoefficientwithoutrain. It is
obviousthat,usingonly eq. (6.4) for calculatingthe atmosphericextinction
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coefficientwouldleadtounderestimatedrvaluesformostweatherconditionsandat
mostwavelengthsofpracticalinterest,whichisacceptableforeye-safetycalculations
butimpliesasimplifyingconservativeassumption(i.e.,absorptionisneglected).
Becausethe meteorologicalconditionscan changerapidly,any allowancefor
atmosphericattenuationshouldbeappliedwithcaution.Forpracticalreasons,it is
suggestedthatris takentobezeroif areliable stimateof Vcannotbemade.
Togetherwith attenuation,whena laserbeampropagatesin the atmosphere
(especiallywithslantpathscloseto theground)itsradiancemaybemodifiedby
focusing(scintillation)ordefocusingeffectscausedbyturbulence(seechapter3). In
thefirstcase(scintillation),thevaluesof thebeamirradiancemaybesignificantly
greaterthantheMPE, andthereforeit is prudenttomakesomeallowancefor this
effect.AccordingtotheSMD-W-001safetystandard,whenscintillationis likelyto
occurattherange(e.g.,duetohighmeasuredorpredictedCnvalues),NOHDshould
bemodifiedasfollows:
OHDs==2.662.NOHD (6.5)
A betterapproachtothisproblemispresentedintheJSP 390British(Military)safety
standard(1998Edition). In thisdocument,hefollowinganaliysisis presentedto
correctheNOHDforatmospherics intillation.
If NI is lessthantheparameterNmax,where:
N 2
10.64
max= .2xlO-7~C 109n
(6.6)
Then,totakeaccountof scintillation,NI ismodifiedtoobtainOHDs usingthe
followingequation:
OHDs =(2.66Nt/Nmar)NI (6.7)
whereNI is eithertheNOHD orthecumulativeOHDarisingfromthefull orpartial
applicationof factorsallowingfor near-fieldeffects,magnifyingoptics,beam
attenuatingfilters,atmosphericextinctionandlaserprotectiveeyewear.
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If NiCNmax,orif it isnotpossibletodetermineCn,thenOHDs isgivenby:
OHDs =2.66N[ (6.8)
BoththeJSP 390BritishsafetystandardandtheItalianSMD-W-OOlsafetystandard
presenthefollowingequationsforcorrectingtheNi parameter(Le.,theNOHD or
thecumulativeOHD calculatedtakingintoaccounta partor all othercorrection
factors)dueto laserprotectiveyewear(OHDpE),near-filedeffects(OH~F), and
beamattenuatingfilters(OHDAF):
OHDpE=N[ .1O-OD/2 (6.9)
OHDNF~N}-(~ J'
(6.10)
OHDAF =N[.J"; (6.11)
where:
OD = eyewearopticaldensity
RN = 'near-field'rangeofthelaser
T = transmittanceofthebeamattenuatingfilteratthelaserwavelength
6.4 ALS StudyAnalysis
Duringtestrangeandtrainingoperationswithnon-eyesafeairbornelaser
systems,it is essentialto determinethehazardsassociatedwith theuseof the
systems,takingintoaccounthefactorsdirectlyor indirectlyaffectingeye-safety.
Thesefactorsincludethegeometryof theattack(i.e.,aircraftmaneouvres),the
horographyof theareaaroundthetarget,theprobabilitiesof inadvertentlaser
activation,thepresenceof reflectingmaterialsin theareailluminated(orpotentially
illuminated)bythelaser,andsoon. It is thereforemeaningfultotakeintoaccount
themissionprofilesof typicalself-designationattacksillustratedin Fig.6-1(theco-
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operativeattackgeometrycan be considereda sub-caseof this, wherelaser
designationisperformedbyacompanionoftheattackingaircraft).
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Figure6-1.LTD/LGWmissionprofile(self-designation).
Designationi initiatedinthefinalportionofthebombtrajectory,andit is generally
performedata considerablerangefromthetarget(comparabletothevisualrange).
Thismeansthat,normally,thegrazingangletothetargetcanbeverysmall,andthe
groundareaeffectivelyilluminatedbythelaserduringtheattackcanbequitelarge.
Moreover,oncedesignationhasinitiated,thereisa furtherhazardrelatedeitherwith
theinherentpointingaccuracyof thelaserdesignationsystemandtheprobabilityof
inadvertentrotationof thedesignatorline-of-sightduringlaserfiring. Finally,we
mustconsiderthatalsothesimplecarriageofthesystembythealcmaybedangerous
topeopleonthegroundif theprobabilityof inadvertentactivationistoohighandthe
alcis flyinglowerthantheOHD.
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6.4.1 ALS Hazard Areas
A dedicatedanalysiswasrequiredinordertodefinethemodelsfordefining
andmodellingthelaserhazardareasassociatedwithairbornesystems.Particularly,
thefollowingareaswhereidentified:
ALS Beam Hazard Area (A-BHA), definedas the areawhich may be
illuminatedbythelaserbeamintheeventof inadvertentfiring;
ALS BufferZone(A-BZ),givenbythesumof theareadirectlyilluminatedby
the laserbeamduringthe firing (a functionof beamoutputdiameterand
divergence)andtheareaaroundthe laserbeamthatmaybe inadvertently
illuminatedconsideringtheoverallpointingaccuracyof theLTD, thereaction
timeoftheaircrewandtheprobabilityoffailureofthesystem;
ALS ExtendedBuffer Zone (A-EBZ), definedas the areawhichmaybe
illuminateduetospecularreflectionwithintheA-BZ. TheexistenceofanEBZ
canbepreventedbyremovingall possiblereflectorslayingwithintheBZ (e.g.,
residuesofpreviousbombdrops,metalobjects,etc.).
For air-to-groungLTD operations,theA-BHA is givenbytheintersectionwiththe
groundofaspherewithcentreattheaircraftlocationinspaceandaradiusequivalent
to theOHD (Fig. 6-2). Therefore,theradiusof theA-BHA (RBHA)is givenby the
followingequation:
RBHA=.JOHD2 - Z2 (6.12)
wherez istheAGL aircraftaltitude.
Fromthedefinitiongivenabove,it appearsevidenthat,in thepracticalcaseof an
airborneLTD (A-LTD), theactualexistenceof an A-BHA is relatedwith the
followingfactors:
inadvertentactivationofthelaserinthevariousmodesoftheLTD;
inadvertentrotationoftheLOSduringcommandedlaseractivation.
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Figure 6-2. ALS BeamHazardArea (A-BHA)geometry.
Therefore,it isacceptabletocalculatetheA-BHA usingtheOHDforexpositiontoa
singlepulse(sincetheairborneLTD is in continuousmotion,it is extremely
improbablethatanobserveris illuminatedbyatrainofpulsesduringaccidentallaser
activationorLOS rotation).As anexample,weconsidertheprobabilitiesgivenin
Table6-1fortheatypicalairborneA-LTD system(entiresystemoperationallife).
Table6-1. Hazardprobabilitiesin thevariousA-LDT modes.
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A-L TD Mode HazardousEvent Probability
OFF InadvertentActivation 0
ON InadvertentActivation 5E-16
SLAVEITRACK InadvertentActivation 8E-9
Laser Arm InadvertentActivation 3E-4
Laser Fire InadvertedLOS Rotation 2E-6
(SLAVElTRACK)
Thedatain Table6-1mustbelinkedtothereliabilitydataof theaircraftavionics
systemsconnectedwiththeLTD. Inourexample,weassumethatheA-LTD system
is commandedby theWeaponSystemsOperator(WSO)trougha cockpitcontrol
panelwitha SAFE andanARM position(i.e.,a stand-bymodein whichthelaser
cavityispoweredbutthelaserbeamisnotemitted),andthathelaseremission(laser
FIRE mode)is commandedbytheWSOwithadedicatedhandcontrol(alsousedfor
manualtargetracking).In thiscase,theprobabilityof inadvertentlaseractivation
(PSAFE-:>FlREJis given by:
PSAFE->FlRE = P..'>AFE->ARMX PARM->FlRE (6.13)
Assumingthattheprobabilityof inadvertentactivationof theARM modefromthe
SAFE condition(PSAFE-:>ARMJreferredtotheentireA-LTD operationallife is 7E-4,
andthattheprobabilityof inadvertentactivationof theFIRE modefromtheARM
condition(PARM-:>FlREJis 1 for missionsin whichtheWSO actson thecockpit
commands(i.e.,simulatedor realattackmissions)and1E-2in missionswerethe
WSO doesnotacton thecockpitcommands(e.g.,ferryflights),thentheoverall
probabilitiesof inadvertentlaseractivation(withtheA-LTD in SAFE mode)are
giveninTable6-2.
Table6-2. A-L TDrisk levelswithlaserSAFE.
TheA-BZ is givenbythesumof theareadirectlyilluminatedbythelaserbeam
duringthefiring(afunctionof beamoutputdiameteranddivergence)andthearea
aroundthelaserbeamthatmaybeinadvertentlyi luminatedconsideringtheoverall
pointingaccuracyof theLTD system,thereactiontimeof theaircrewandthe
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A-L TD Mode Mission PSAFE--#IRE
ON/SAFE Ferryflight 7E-6
ON/SAFE TestfTraining 7E-4
probabilityof failureof thesystem.In otherterms,atanyinstant,theA-BZ shape
canbeapproximatedbyanellipsewherethetargetoccupiesoneofthefoci.
With referenceto Fig. 6-3,thedimensionsof theA-BZ canbecalculatedfor any
givenlocationoftheaircraftinspacebyusingthefollowingequations:
RI =[ta~qJ- tan(~+8)]' Z
(6.14)
R - z.sina2
sinrpcosa
(6.15)
RI =[tan(;- 8) - ta~rp]'Z
(6.16)
where:
({J
(j
= anglebetweenLOSandhorizontalintheplanecontainingtheLOS
= pointingerrorplussafetymargin
z
I BUFFER ZONE I
~
~
Figure 6-3. ALS BufferZone(A-BZ)geometry.
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ThelastareatobedeterminedistheALS ExtendedBufferZone(A-EBZ),definedas
theareawhichmaybeilluminateduetospecularreflectionwithintheA-BZ. The
existenceof anA-EBZ canbepreventedbyremovingall possiblereflectorslaying
within the A-BZ (e.g.,residuesof previousbombdrops,metalobjects,etc.).
However,whileevacuationof peoplecanbeperformedquiteeasily,removalof all
reflectingmaterialsfromtheA-BZ canbeaverydemandingtaskforatestrangeand
oftenit is impracticable.Therefore,in general,wemustconsidertheA-EBZ asthe
laserhazardareatobeevacuated.Determinationf theA-EBZ areais notaneasy
task,sinceitsdimensionandshapearedependantupontheaircraftpositionin space
andits angularvelocitywithrespectto thereflectionpointslocatedin theA-BZ
(varyingcontinuouslyduringamission).Thisistruebecausethehazardtothenaked
humaneyeis a functionof theexposuretime(TE)andTEtoa specularlyreflected
laserbeamvarieswith aircraftrelativevelocity. It is thereforenecessaryto
implementa simulationtoolin ordertocalculatetheaircraftenvelopelimitations
duetoacertainpre-definedmaximumevacuationareaor,conversely,thedimension
of theevacuationarearequiredwitha certainpre-definedmissionprofile.Fig.6-4
givesanideaofthevariousgeometricandphysicalparametersinvolved.
SPECULAR REFLECTOR z
EXTENDED BUFFER ZONE
D1+D2 =OHD
Figure 6-4. ALS ExtendedBuffer Zone(A-EBZ)geometricelements.
6-12
ThealgorithmsneededtocalculatetheA-EBZgivenacertainaircraftflightenvelope
(ortheenveloperestrictionstobeappliedforacertainpre-definedgroundevacuation
area),isgiveninthefollowingparagraph.
6.4.2 Safety Verification Algorithm
In a Cartesianreferenceframecentredatthepointof intersectionof the
LOS withtheground(pointA inFig.6-5),thevelocityvectoroftheaircraft(v) can
beexpressedas:
v=Qxr (6.17)
where:
Q = theaircraftangularvelocityvector
r = aircraftpositionvector
Therefore,themoduleof theangularvelocityof thelaserbeamwithrespectto the
reflectionpointontheground,isgivenby:
IQ I=\~.sina
(6.18)
wherea is theanglebetweentheaircraftpositionandthevelocityvector.This is
givenby:
v.r
a =arccosIvl'lrl
(6.19)
Therefore,knowingthevectorsv andr atanypointin spaceit is possibleto
calculatethecorrespondingvalueof IQI. Thisvaluecanthenbecomparedwiththe
minimumsweepvelocityadmittedforthereflectedlaserbeam,whichis a function,
atanypointontheground,ofbeamdimension(i.e.,outputareaanddivergence)and
maximumpermissibleexposuretimeTE(MAX).
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Figure 6-5. ALS ExtendedBufferZone (A-EBZ) geometry.
In otherterms,sincetheactualexposuretimeof anobserverto thereflectedlaser
radiationis a functionof theangularvelocityQ, of thebeamdivergenceandof the
distancebetweentheobserverandthepointA, knowingtheeffectivetimeof
exposure(andthereforetheeffectiveOHD),it is possibletoverifythesafetyof a
scenario,takingintoaccounttheelementslistedbelow.
andcomparingtheeffectiveNOHD withthesumof thedistancesobserver-pointA
andpointA-aircraft.Theproceduredescribedis illustratedinFig.6-6.
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ReflectionPoint
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Unsafescenario)
TRUE
(
~
FALSE
( Safescenario)
Figure6-6.ALS safetyverificationalgorithm.
Knowingthedimensionsof theBZ, it is possibleto verifytheobserver'safety,
usingtheproceduredescribedin Fig. 7-5in aniterativemannerfor theentireBZ
area. Therefore,simulationis requiredin orderto determinetheflightenvelope
rescrictionsduetoeye-safety(or,conversely,thegroundevacuationrequirementsfor
a givenaircraftflightprofile). Detailsabouthesimulationprogramaregivenin
chapter14ofthisreport.
6.5 GLS SafetyAnalysis
InordertoallowasafeuseofGroundLaserSystems(GLS)attherange,it
is essentialto performdedicatedsafetystudieswith the aim of definingthe
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operationalconditionsbestmatchingboththetest/trainingrequirementsandthe
constrainsimposedbylasersafetystandards.Oneproblemoftenencounteredis due
tothefactthatstate-of-the-artGLS arecharacterisedbyveryhighoutputenergyand
verylowbeamdivergence.Theseparameters,associatedtotheoperationalneedof
executingtest/trainingmissionswithbothrepresentativegeometriesandco-operative
scenarios,determinelaserhazardareasthatinmostcasesarenotcompatiblewiththe
rangesize. In thefollowingparagraphs,thegeneralcriteriaforGLS lasersafetyare
identifiedandvariousalternativemethodsfor satisfyingtheSMD-W-OOlItalian
nationalsafetystandardaredescribed.Furthermore,an innovativeapproachis
proposed(notcurrentlycontemplatedby theSMD-W-OOlstandard)allowingto
performin fullysafeconditions(alsowithGLS systemswithhighoutputenergyand
low divergence),test/trainingoperationsat thePILASTER range,with scenarios
representativeof realoperationaltasks. TheseincludeForwardAir Controllers
(FAC) trainingmissionsand combinedemploymentof GroundLaser Target
Designators(GLS)andLaserGuidedWeapons(LGW)fromtacticalaircraft.
6.5.1 GLS Laser Hazard Area
As inthecaseofALS, theoverallLaserHazardArea(LHA) associatedto
GLS suchasaLRF oraLTD, isgivenbythesumofthreedifferentareas:
GLS BeamHazardArea (G-BHA), whichexistsevenin theabsenceof
commandedlaserfiring,andtakesintoaccountthemaximumdistancewhere
the lasercanbe dangerousto thenakedhumaneye(OHD),of thebeam
divergenceandofpossibleventsofaccidentallaseractivation;
GLS BufferZone(G-BZ),existingonlyin theeventof laserfiring,which
accountsfor the systempointingerrorsand for possibleuncontrolled
movementsofthesystemLineofSight(LOS)duringlaserfiring;
GLS ExtendedBufferZone(G-EBZ),whichis duetopossiblereflectionsof
thelaserbeamwithinthebufferzone.
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6.5.2 GLS Beam Hazard Area
In general,theG-BHA is a sphericalsectorwith thesystempointing
directionas thegeometricalxis,thelaserbeamdivergenceas thesectorsemi-
apertureandaradiusgivenbythesumoftheOHDandadistancebcalculatedtaking
intoaccountthelaserbeamoutputdiametera (seeFig.6-7).
OHD
I
i
I
I
i
I
I
I
I
~Il .
I
I
I
I
I
I
I
G-BHA
I Divergence t1J I
a
c=)
Figure6-7.GLSBeamHazardArea (G-BHA)geometry.
6.5.3 GLS Buffer Zone
TheG-BZis theareawhichmaybedirectlyilluminatedbythelaserbeam
whenthesystemis aimedatthetarget,takingintoaccountthetotalGLS pointing
error budgetand possibleeventsof uncontrolledLOS movementsduringa
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commandedlaseractivation.Therefore,alsotheG-BZ canberepresentedby a
sphericalsectorwiththesystempointingdirectionasthegeometricalxis,andwith
anaperture(a) givenbythesumofthebeamdivergence(l/J),theGLSPointingError
(PE)andtheSafetyMargin(SM)defmedbytheapplicablelasersafetystandard(e.g.,
SMD-W-OOl);andwhoseradiusis givenby thesumof theGLS OHD andthe
distancec calculatedtakingintoaccounttheoutputdiameterofthelaserbeam(a),as
showninFig.2.
I a I
0
0
I G-BZ I
[8]
G
a
~
a
Figure 6-8. GLS BufferZone(G-BZ).
Obviously,theshapeanddimensionof theeffectiveG-BZ(BZE)varydependingon
theGLS positionrelativetothetarget,andalsodependingontherelativedimensions
of thetargetwithrespecttothreincidentlaserbeam(alsoaffectedbytheGLS-target
relativegeometry).TheseaspectsareillustratedinFig.6-9.
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Figure6-9. GLS effectiveG-BZ (BZE)geometry.
6.5.3.1 BZE for Single Axis LOS Misalignment
Foragenericdistanced 5.OHDoftheGLS fromthetarget,theBZE is a
sphericalsectorif thetargetdimensionsareinferiortotheG-BZorthogonalsection
atthetargetlocation(atthespecifiedistanceandlaserbeamincidenceangle),andis
aconicalsectionif thedimensionsofthetargetaregreaterthanthecorrespondingG-
BZ orthogonalsection.In thecaseof a laserbeamnormaltothetargetsurface,the
G-BZorthogonalsectionisacirclewithradius(r)givenby:
r =[d.tan(CP+PE +SM)]+a/2 (6.20)
Therefore,sincea =cP+PE +SM ,wecanwrite:
r =(d.tana)+a/2 (6.21)
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WhentheGLSLOS isnotalignedinelevation(;1and/orinazimuth(fJ)tothetarget
normal,theG-BZfootprintonthetargetsurfaceis elliptical.Determinationf the
dimensionandorientationof this EllipticalFootprintof theG-BZ (EF-BZ) is
essentialinordertoperformGLSsafetystudies.
Letusconsiderfirstthetwocasesofhorizontal(f3"#0 andr =0)orvertical(f3=0
and r"# 0) LOS misalignment. Fig. 6-10showsthegeometryrelativeto the
horizontalmisalignment(tosimplifyouranalysis,all geometricelementsareshown
exceptheoutputbeamdiameterathatwill bediscussedlater).
A B
Target
GLS
Figure6-10.GeometryforEF-BZcalculation.
FromFig.6-10,wenoticethat:
I>= 90 - a - p (6.22)
8=90- a +p (6.23)
Therefore,wecanwrite:
A= d
cos(a- p)'sena
(6.24)
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B= d
cos(a+p) .sena
(6.25)
WithreferencetoFig.6-11,thedimensionsoftheEF-BZ(notconsideringtheoutput
beamdiameter),forthecaseofhorizontalLOSmisalignmentonly,aregivenby::
r1~ A+ B =d .sena.[cos(~-p)+cos(~+P)]
(6.26)
r2 =2.d .tana (6.27)
h=O
Figure6-11.Geometryof theEF-BZwithhorizontalLOSmisalignmentonly.
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Obviously,inthecaseofverticalLOSmisalignmentonly(/3=0andr* 0),wehave:
rJ =2. d .(ana (6.28)
[
1 1
]
r2=d.sena. +
cos(a - r) cos(a +r)
(6.29)
LetusnowconsidertheGLS laserbeamoutputdiameter(a). Adoptingthegeometry
inFig.6-12,wecanwrite:
a
c--
- cosp (6.30)
GLS
A c B'
Target
Figure 6-12. Projectionof theGLS outputbeamdiameteron thetarget.
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NeglectingthedifferencebetweenthesegmentsB andB' (inFig.6-10andFig.6-12
respectively),sincetheprojectionC is anadditivelementtothelengthsr] andr2in
Fig.6-12(aswellastothelengthsA andB inFig.6-10),theequationsfortheEF-BZ
withhorizontalorverticalLOSmisalignmentcanbewrittenintheform:
HorizontalLOS Misalignment(P;t 0andr=OJ.
d
.
[
1 1
]
a
r) = .sma. + +-
cos(a- p) cos(a+p) cosp
(6.31)
r2=2.d .tana +a (6.32)
VerticalLOS Misalignment(P=0 and r ;t OJ.
rj=2.d.tana+a (6.33)
d
.
[
1 1
]
a
r2= .sma. + +-
cos(a- r) cos(a+r) cosr
(6.34)
6.5.3.2 BZE for Double Axis LOS Misalignment
In orderto extendourresultstothecaseof simultaneousaziumuthand
elevationLOS misalignmentwe mustdefinetheconditionsfor thevalidityof
equations(6.31)and(6.34),alsowhenp ;t 0 andr;t O. To facilitatetheoperational
useof themodelsdeveloped,we shallexpresstheseconditionsasmathematical
functionsofparametersreadilymeasurablewiththeinstrumentationalreadyavailable
atthetest/trainingrange(i.e.,GPSsystems,theodolitesandLRF). Theseparameters
includethedistanced of theGLS fromthetarget(which,for instance,canbe
measuredirectlybytheGLS)theazimuthanglep (whichcanbedeterminedusing
GPS or theodolitemeasurements)andtherelativeheightof theGLS systemwith
respecttothetarget.
Letusconsider,firstofall,thathedimensionsoftheEF-BZonthetargetsurfacedo
notvaryif theGLS laserapertureispositionedalongtheperimeterofacirclelaying
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on a planeparallelto thetargetsyrface.Withreferenceto Fig.6-13, theEF-BZ
dimensionsarethesameforanypositionof theGLS correspondingtothepointsof
thecirclewith radiusBE (onlyvariestheEF-BZE orientation).Similarly,the
dimensionsof theEF-BZ wouldbeinalteredif theGLS waspositionedalongthe
perimeterof thecrclewithradiusBC. Theangle(jMAXin Fig.6-13representshe
maximummisalignmentin aziumuthorin elevationadmittedatagivendistance(d)
of theGLS fromthetarget.Thisanglecanbecalculatedusingequation(12)or(15),
takingintoaccounthedimensionsof thetargetsurface.Particularly,writingthis
equation:
[
1 1
]
a. + +-
rMIN=d .SIna. cos(a- (jMAX ) cos(a+(jMAX ) cos(j MAX
(6.35)
thevalueof (jMAXcanbecalculatedby knowingtheminimumdimensionof the
illuminatedtargetsurface(rMIN)'
0
Normalto
Target
Figure 6-13. GLS-targetgeometrywithhorizontaland verticalLOS misalignment.
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FromFig. 6-13we observethata conditionsufficiento avoidthattheEF-BZ
exceedsthetargetdimensionsi thefollowing:
- -
BE ~BC (6.36)
therefore:
- -
BE ~ AB .tanliMAX (6.37)
-2
( 2 -2 ) 2 s:BE ~ d -BE .tan UMAX (6.38)
d2 . tan2 liMAJ{-2
BE ~ 1+tan2liMAJ{
(6.39)
InordertoexpressBE asafunctionoftheknownparameters,wecanwrite:
d2 . tan2 liMAJ{2p h2 < 2
do2.sen + - 1+tan liMAJ{
(6.40)
andthen:
d2 . tan2 liMAX) 2p h2 < 2
(d2 -h2 .sen + - l+tan liMAJ{
(6.41)
Fromthe(6.41),setting:
d2 tan2 liMAJ{
Kj = 1+ tan2 liMAJ{
K =d2sen2p2
(6.42)
K3 =1-sen2p
(6.43)
(6.44)
weobtain:
- ~Kl-K,hMAJ{ K3
(6.45)
PMAX=arcsen~h' - Kl2 d2 (6.46)
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wherehMAXis themaximumaltitudedifferenceadmittedbetweentheGLS andthe
target,withtheGLSpositionedataknownslant-range(d)fromthetargetandwitha
knownLOS azimuth(fJ);while fJMAXis themaximumadmittedhorizontalLOS
misalignmentof theGLS withrespecttothetargetnormal,withtheGLS positioned
ataknownslant-range(d)fromthetargetandwithanaltitudedifferenceGLS-target
(h) alsoknown. As alreadymentioned,theG-BZ canbe representedby a tri-
dimensionalgeometricfigure(i.e.,sphericalsectororconicalsectuion).Therefore,
dependingontheGLS positionandalgulardisplacementwithrespecttothetarget,
andthecharacteristicsof thenaturalandman-madeobstaclesexistingin therange
area,therewill be differentrequirementsfor boththeGroundEvacuationAreas
(GEA) andtheHazardAir Space(HAS). Particularly,whiletheGEA is clearly
definedbytheG-BZintersectionwiththegroundsurface,theHAS existsonlyif the
G-BZis notentirelylimitedbynatural/man-madeobstacles(includingthetarget),or
if theGLS/targetarelocatedin apositionhigherthanthepossibleairtraffics.The
conceptsillustratedaresummarisedinFig.6-14.
/q
r-I NessunRischio I
I BZE=HAS I
I NessunRischio I
Figura6-14.GroundEvacuationArea(GEA)andHazardAir Space(HAS).
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6.5.4 Extended Buffer Zone
As alreadyseenin thecaseof ALS systems,whenreflectingobjectsare
presentintheG-BZ,it is necessarytoconsideranotherhazardarea,calledExtended
BuferZone(G-EBZ). Accordingto theSMD-W-OOllasersafetystandard,the
dimensionsof theG-EBZarecalculatedin diferentways,dependingonthetypeof
reflector(i.e.,specularordiffuse)presentin theG-BZ. In general,however,in the
caseof diffusereflection(e.g.,reflectionfromatargetsuitablybuiltandpaintedto
maximisetheLambertianreflectioncomponent),heG-EBZusuallyis sosmallthat
theycanneclected.Ontheotherhand,in theworstcaseof a specularreflectionin
theG-BZ,theG-EBZwill in generaldeterminetheexistanceof anExtendedGEA
(EGEA)and/orExtendedHAS (EHAS),withdimensionsandgeometriesaffectedby
thegroundaltitudeprofile,bytheobstaclesandbytheGLS positionrelativetothe
target(similarlyto ALS, theEGEA/EHAS for GLS areboundedby a surface
generatedbyavectorcentredatthereflectionpoint,whoseintensityis suchthatthe
sumof thedistanceGLS-reflectorwiththevectorlengthitselfis equaltotheOHD).
Obviously,removalof reflectingobjectsin theGEA preventstheexistanceof an
EGEA.
6.5.5 Range Safety Procedures
Accordingtolaserhazardareascalculatiosresults,appropriateprocedures
canbedefinedforimplementationatthelaserange,inordertoguaranteeasafeand
practicalemploymentof GLS. Theseprocedures,haveto follow,in general,the
nationalsafetyregulationsandstandards(e.g.,SMD-W-OOlorJSP 390).However,
in manyreal casesthe calculatedlaserhazardareasfor the requiredmission
geometries,arenotbecompatiblewiththerangesize.Thisismainlyduetothevery
highenergyoutputandlowdivergenceof state-of-the-artGLS. Therefore,thereare
caseswhereadditionalcriteriahavetobeadoptedin ordertoallowasafeexecution
of test/trainingtaskswith representativemissiongeometriesand co-operative
scenanos.
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6.5.5.1 Procedures in Accordance with SMD-W-001
TheSafetyMargin(SM)tobeadoptedforG-BZcalculationsi defined
by theapplicablelasersafetystandards(e.g.,STANAG 3606andSMD-W-OOI).
ReferringtotheSTANAG3606andtotheItalianSMD-W-OOInationalstandard,the
SM tobeadoptedforgroundsystemsi 10,5or2mraddependingonthestabilityof
thesystemLOS. Furthermore,thefollowingprocedureshavebeendevelopedin
accordancewiththeGLS safetyanalysisconceptspreviouslyillustratedandwiththe
safetystandardsrecommendations.
Proceduren°1
A targetshouldbeusedwithshapeanddimensionsadequateto containthe
entireEF-BZ atthedefinedGLS-targetslant-rangesandGLS LOS incidence
angles.TheG-BZhastobecalculatedtakingintoaccounttheouputdiameter
of thelaserbeam(a),thebeamdivergenceUP),thepointingerror(PE)of the
GLS, andtheadditionalsafetymargin(SM) contemplatedby theapplicable
safetystandards(e.g.,STANAG-3606andSMD-W-OOI).Thetargethastobe
neenomfendituresoraperturesandtobecharcterisedbyadifusereflectivity.
AccessintheG-BZshouldbeprohibitedtounprotectedpersonnel.
Intersectionof theG-BZ with thegroundandnatural/man-madeobstacles
shouldbeavoided.
TheGLS operatorshouldverify,beforeactivatingthelaser,thattheLOS ofthe
GLS isaimedatthecentreoftheselectedtarget(GLSoperator).
The use of magnifyingopticalintrumentsnot suitablyfilteredshouldbe
prohibitedintheentirelaserange.
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Proceduren°2
If it is notpossibiletouseatargetwiththecharacteristicspreviouslymentioned,the
followingactionshouldbeimplemented:
RemoveallreflectingobjectspresentintheGEA.
ProhibitaccessofunprotectedpersonnelintheGEA.
ProhibitflyingintotheHAS withoutsuitableaircrewprotection.
Prohibittheuseof magnifyingopticalintrumentsnotsuitablyfilteredin the
laserange.
Proceduren°3
If it isnotpossibiletoremovereflectingobjectsintheGEA, it isrequiredto:
ProhibitaccessofunprotectedpersonnelintheEGEA.
ProhibitflyingintotheEHASwithoutsuitableaircrewprotection.
Prohibittheuseof magnifyingopticalintrumentsnotsuitablyfilteredin the
laserange.
6.5.5.2 PILASTER GLS SafetyProcedure
An additionaloptionwasconceivedin ordertoallowa safeexecutionof
test/trainingtasksat the PILASTER laserrange,with representativemission
geometries(i.e., GLS-targetslant-ranges,heightdifferencesandLOS incidence
angles). An essentialpre-requisitefor implementationf this procedureis a
dedicatedtestactivityaimedatdeterminingtheGLS LOS pointingaccuracy(PEeff)
and the effectivebeamdivergence(([Jeff),by measuringthe GLS laser spot
position/diameteronthetargetsurface.Bothparametersmayin factbesignificantly
differentfrom thosepredictedby calculationsor quotedin the technical
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documentationprovidedbythemanufacturer.UsingtheexperimentaldatatheEF-
BZcanbecalculatedwitha =l/Jeff+PEeff(Le.,withoutconsideringanyadditional
SM),andthefollowingprocedurecanbeimplemented.
Proceduren°4
A targetis usedwithshapeanddimensionsadequateocontaintheentireEF-
BZ atthedefinedGLS-targetslant-rangesandGLSLOS incidenceangles.The
G-BZ hastobecalculatedtakingintoaccounttheouputdiameterof thelaser
beam(a),theeffectivebeamdivergence(l/JefJ)andtheeffectivepointingerror
(PEefJ)oftheGLS. Thetargethastobefreefromfendituresoraperturesandto
becharcterisedbyadifusereflectivity.
AccessintheG-BZisprohibitedtounprotectedpersonnel.
IntersectionoftheG-BZwiththegroundandnatural/man-madeobstacleshasto
beavoided.
TheGLS operatorverifies,beforeactivatingthelaser,thattheLOS oftheGLS
isaimedatthecentreoftheselectedtarget(GLSoperator).
Thelaserspotis monitoredin real-timebyusingthePILASTER NIR cameras,
in ordertocontinuouslyverifythatduringlaserfiringtheentirespotis onthe
illuminatedtargetsurface.TheGLS laseris immediatelydeactivatedif thelaser
spotdeviatesfromthetargetcentre(significantlyexceedingthePEefJ)or if the
spotisnotentirelyonthetargetsurface.
Theuseof magnifyingopticalintrumentsnotsuitablyfilteredis prohibitedin
theentirelaserange.
6.5.5.3 Operational Considerations
Thereare importantoperationalconsiderationsto be doneaboutthe
procedurespreviouslydescribed.Althoughintheoryallofthemarepossibleoptions
for GLS safeoperationattherange,for reasonsof practicalitytheproceduresn°2
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andn°3 arenotcommonlyimplemented.Theremovalof reflectingobjectsin the
GEA, imposedbyproceduren°2, is in factextremelydifficult(if notimpossible)to
bedoneatatest/trainingrange.Proceduren°3,ontheotherhand,maydeterminean
EGEA with dimensionsexceedingthe size of the laserrangegroundarea.
Furthermore,implementationf bothproceduresn° 2 andn° 3 determinethe
existanceof no-flyingareas(HAS andEHAS respectively)which,in somecases,
mayexceedthedimensionsof therangecontrolledair-space.Therefore,onlythe
proceduresn° 1 andn° 4 areto be consideredviableoptionsin mostcasesof
practicalinterest.However,theproceduren°1hasthedisadvantageof requiringthe
adoptionof a SM in the EF-BZ calculations(followingthe safetystandards
recommendations),whichdeterminesconsidrerableimitationsin theGLS-target
slant-range,relativeheightandangulardisplacementenvelopes.Therefore,the
proceduren° 4, developeduringthisresearchforemploymenta thePILASTER
range,is theoptionbestmatchingboththeeye-safetyrequirementsandtheneedof
executingtest/trainingmissionsin avarietyof conditions(i.e.,GLS-targetgeometry,
terrainprofiles,co-operativetasks,guidedweaponsdeliveries,etc.)representativeof
therealoperationalscenarios.
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Chapter7
LABORATORY EXPERIMENTAL ACTIVITY
7.1 General
A numberof experimentswereperformedin ordertoselectingsuitable
sensors/systemsfor thePILASTER range,optimisingoperationalndtest/training
activitieswiththesystemsin service(e.g.,LTD's andLGW's),anddevelopingnew
systems(e.g.,LOAS). Someof theseexperiments,suchasLGW seekerdetection
thresholddetermination,PILASTER sensorsselection/characterisationtestsand
measurementsoftargetmaterialsreflectionproperties,wereconvenientlyperformed
in alaboratoryfacility.Ontheotherhand,furtherimportantmeasurementsandtests
wereperformeduringappropriatefi ldandflighttestsessions.
Laboratoryexperimentalctivitiesperformeduringthis researchincludedthe
following:
DeterminationfLGW SeekersDetectionThresholds;
MeasurementsofSurface/PantsReflectionProperties(PILASTERtargets);
PILASTER SensorsTestingandCalibration;
LOAS LaserSystemTesting;
Testof protectionfiltersandeye-wears(cinetheodolites,groundcrewand
aircrew).
Thischapterdescribesthelaboratoryexperimentalctivitiescarriedoutduringthis
research.Particularly,thetestaims,specifictestmethods(i.e.,instrumentation
requirements,detailsof measuresperformed,etc.)andtestresults,arediscussedin
thefollowingsections.
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7.2 LGW Seeker Detection Threshold
The primaryaimof this experimentwasto determinetheMinimum
DetectablePowerDensity(MDPD)of arealLGW seeker.Thesecondaryaimwas
to developa testmethodvalidfor anyLGW seekersystem.For classification
reasons,the nameof the testedLGW seekeris omitted. With the available
instrumentation,seekerdetectionthresholdeterminationwasperformedin two
steps:
Seekeractivationcodesgeneration(i.e.,pulseduration,PRF andtrain);
MeasurementoftheMDPD(pulse),basedontrainenergymeasurements.
Thetwostepsarediscussedbelow.
7.2.1 SeekerActivationCodesGeneration
The STANAG 3733titled:"LaserPulseRepetitionFrequencies(PRF)
Usedfor TargetDesignationandWeaponGuidance",definestheLGW activation
codescharacteristicsandtherelatedtolerances.
This activitywasperformedin orderto checktheLGW seekerfunctionalityand
properlypreparingthe successivepowerdensitymeasurements.The activity
consistedin determiningadequatepulseandpulsetraindurations,matchingthe
instrumentationresponseand compatiblewithactivationof theLGW seekers(i.e.,
PRF codesdefinedbytheSTANAG3733).
Inordertoperformthesemeasurements,thefollowinginstrumentationwasused:
Q-SwitchedNd:YAG laser(QuantelSTU-452/N);
Nd:YAG AttenuationFilters(Quantel);
Beamcollimatingoptics(FIAR STU-452/N);
SiliconPhotodiodeDetector(NewportLowPowerDetectormod.818-SL);
LaserPower-meter(NewportDualChannelOpticalMetermod.2835);
DigitalOscilloscope(HPmod.54502AandLeCroymod.154-B54).
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Additionally,acontrolpanelwasrequired,includingthelaseremotecontrolandthe
LGW seekerelectricalandmechanicalinterfaces(necessaryfor guidancecircuits
activation).Theinstrumentationset-upis shownin Fig.7-1. A detailof thetarget
simulatorisshowninFig.7-2.
J AAA l;:
.1
3a
I ~nWI
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1) LGW Seeker
2) TargetSimulator:
a) Laser Source;
b) Telescope;
c) Filters Bench.
3) TestBench Control Panel:
a) Electrical interfaces;
b) Mechanical Interfaces;
c) Laser RemoteControL
4) Detector;
5) Power Meter;
6) Oscilloscope;
7)ND Filters.
2r
2h
2a 2 .1r
Figure7-1.SeekertestInstrumentationset-up.
An initial experiment,performedwith a real LGW seekerand the described
instrumentation,permittedtofullycharacteriseandreproducesomeLGW activation
codes(PRF accordingtoSTANAG 3733). A numberof 24activationcodeswere
reproduceduringthetest(in the10Hz nominalband).Aftervariousattempts,it
wasverifiedthat,for theseekerundertest,theminimumpulsetraindurationfor
guidancecircuitsactivationwasabout0.5sec(0.5:t0.1sec).
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Figure7-2.Targetsimulator.
Theminimumnumberof pulsescontainedin eachguidanceactivationtrainwas
variablebetween5 and6 dependingontheselectedcode.Someoscilloscopetraces
areshownin theFigures7-3to 7-5relativeto measurementsperformedwith a
specificcode. Usingthatcode,witha pulsedurationof 9 msandan average
amplitudeof 72.4mVdisplayedontheoscilloscope(72.4:t2.0mV),corresponding
toa laserenergydensityof about120pJ/cm2(trainof 19pulses),theFull Widthat
HalfMaximum(FWHM)wasabout4.6ms(4.6:t0.5ms).
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Figure7-4.Trainpulsesamplitude.
Figure7-5.Pulse-ta-pulseperiodandpulseduration.
7.2.2 MDPD Determination
Theapproachadoptedfor determiningtheMinimumDetectablePower
Density(MDPD) of theseekeris describedin thisparagraph.The laseroutput
energywasprogressivelyreducedusingfiltersof increasingneutralopticaldensities.
Addingvarioussuitablefilters,thelaserpowerreacheda thresholdvalue(i.e.,a
furthersmall increaseof attenuationpreventsthe seekeractivation).
experimentalset-upisshowninFig.7-6.
The
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Figure 7-6. SeekerMDPD testinstrumentationset-up.
Afterdeterminingthelimitingcondition(i.e.,maximumattenuationcompatiblewith
seekeractivation),theMDPDvaluewasdeterminedwith2differentmethods:
1) by measurement,adoptingtheinstrumentationset-updescribedin Fig. 7-1
(with interpositionof theND filtersbetweenthedetectorandthe target
simulator),usingthepowermeterandoscilloscoper adouts;
2) bycalculation,knowingthepeakpoweroutputof thetargetsimulatorandthe
transmittanceoftheND filters.
Method 1. Usingthesameseekermentionedin thepreviousparagraphandthe
sameactivationcode(i.e.,pulsepeakamplitude72.4:t2.0mV,trainenergydensity
120pJ/cm2, FWHM 4.6:t0.5msandmaxpulseduration9ms),anexperimentwas
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ChaDter 4
PILASTER GENERAL REQUIREMENTS
4.1 Introduction
ThischapterdescribestherequirementsforupgradingthePISQ (Poligono
InterforzedelSaltodi Quirra- Sardinia,Italy),addingnewfacilitiesforcarryingout
safetrainingandexperimentalactivitiesusingthegroundandairbornelasersystems
alreadyin serviceorundertestwiththeItalianAir Force(ItAF),andinstalledonits
tacticalaircraft(TORNADO-lDS, AM-X, EurofighterTYPHOON, etc.) and
helicopters(AB-212,AB-412,NH-90,etc.).Othernationalorinternationalcustomers
will be allowedto usethenewfacilitieson case-by-casebasisandaccordingto
agreements,memorandumsofunderstandingorinternationalco-operationagreements
in forceatthetimeconcerned.TheItAF researchanddevelopmentprogramaiming
tothePISQfacilitiesupgradeforlasertestandtrainingactivities,ishereinidentified
as PISQ LASer Test and TacticalEvaluationRangeprogram(PILASTER
program).Accordingto theprogramrequirements,hePILASTER facilitieshave
grownmodularlyin twodifferentphases.Theaimof thefirstphaseof theprogram
(1999-2002)wastoprovideaninitialoperationalcapabilityforcarryingout,in fully
safe conditions,groundtestsand flight experimentalctivities(with related
measurementsanddataanalysis),requiredforperformanceevaluationofmilitarylaser
systems. The successivephaseof the program(still ongoing)is aimedto
implementingthePILASTER full operationalcapability,requiredforperformingall
requiredlasertestandtrainingactivities(2002-2004).
In thischapter,thelaserrangeconceptof operationis describedandthegeneral
requirementsset in 1998for the PILASTER programare presented.More
informationaboutthe PILASTER rangedesignand technicalcharacteristics,
progressivelyrefinedduringthevariousimplementationstagesof theprogram,are
giveninchapter5.
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4.2 PILASTER Conceptof Operation
ThePILASTER conceptof operationis depictedin Fig. 4-1.Theon-
boardoperatorof a training/experimentalaircraftaimstheAirborneLaserTarget
Designator(ALTD) systematthecentreof a cooperatingtarget.A LaserSafety
Officer(LSO),locatedin thePISQ ControlCentre(PCC)building,verifiesthatthe
laserArmamentis aimedatthepropertargetand(forlaserdesignators)thetarget
lock-onstatushasbeenachieved.For thispurpose,a real-timevideolink (video
telemetrygroundunit) is availablebetweentheaircraftandthePCC for safe
operations.TheLSO thenauthorisesactivationof thelasersystem.Shouldthe
videolink be unavailable,as in thecaseof a GroundLaserTargetDesignator
(GLTD) systemoperatedfromagroundForwardAir Controller(FAC) oratraining
aircraftnotequippedwiththevideotelemetryunit,theLSO mayauthorisethelaser
activationuponreceivingconfirmation(viavoicelink)thattheplannedtargethas
beenunambiguouslyrecognisedandaimedtobytheaircraftPilot/WeaponSystems
Operator(WSO)orbythegroundFAC.
..
,~~~
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Figure4-1.PILASTERconceptofoperation.
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The SensorTrackingandMeasurementUnit (STU) detectsthelaserspotspatial
energydistribution,calculatingthespotcentroidaswellasitspositionwithrespect
to thetargetcentre(globalpointingerror).Thecapturedlaserspots,aswellasthe
othersapplicablemeasurements,arerecordedonamagneticsupport.
Duringlaseractivation,theSTU sendsto thePILASTER MonitoringandControl
StationUnit (MSU), locatedatthePCC, thelaserspotparameters(dimensionand
positionwithrespecttothetargetcentre).Theseparametersarerepresentedonthe
MSU displaytoallowtheSafetyOfficertosupervisetheoperations.Whenthelaser
spot approachesthe targetperipheralzonesandthe LSO believesthereis a
possibilityfor thelaserspotto fall outsidethetargetitself,he mightorderthe
WSO/FAC todeactivatehelaser(throughthevoicelink).
4.2.1 PILASTER Training Activities
Trainingwith bothself-designationa dco-operativeattacksshallbe
possible,bothbylaserguidedinertbombreleasingandbysimulatedattack.These
typesofmissionsaredescribedinthefollowingsub-paragraphs.
4.2.1.1 Trainingby Real LGB Releasing
In self-designationattacks,theaircraftfollowstheflightplansuptothe
optimalestimatedreleasepoint,andthenreleasestheinertLaserGuidedBomb
(LGB). Then,it performstheescapemanoeuvre,activatingtheairbornelaser
designatoratapropertime.In co-operativeattacks(twoaircraftwitha"spiker"and
a "bomber"),thebombereleasestheweaponandthespikeraircraftperforms
illuminationasrequiredforaneffectiveguidanceonthedesignatedtarget.During
this typeof attack,bothaircraftmanoeuvreas requiredby theplannedtraining
tactics.In bothself-designationa dco-operativeattackswithinertbombdelivery,
theSTU startsmeasuringandrecordingthelaserspotapplicableparameters(e.g.
spotcentroid,timeof laseractivation,timeof laserdeactivation,etc.).
Measurementof theattackradialerroris donebydetectingthetarget/groundimpact
pointof thelaser-guidedbomb.Consequently,one(ormore)high-speedigitalTV
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camera(s)shallbeusedattheSTUtocollectimagesofarelevantvolumearoundthe
target.TV camera(s)framesshallberecordedaswell foranalysispurposes.
4.2.1.2 TrainingbySimulatedAttack
In simulatedself-designationattacks,theaircrewfollowstheflightplans
up to theoptimalestimatedreleasepoint,andthensimulatesthereleaseitself,
manoeuvringasif it hadoccurred.At therequiredtime,thepilot/WSOperforms
targetillumination. In co-operativesimulatedattacks("spiker"and"bomber"
aircraft),thespikeraircraftperformsilluminationasrequiredandbothbomberand
spikeraircraftmanoeuvrefollowingtheplannedtrainingtactics. For bothself-
designationandco-operativeattacks,thefollowinginformationshallbesuppliedto
theMSD (inthePCC).
a. Duringtheentireattack,theaircraft(self-designation)or thebomber/spiker
(co-operative)flightparametersuptotheinstantof release,fromanavailable
Data-link,thePISQ Radars/Cinetheodolites(filteredor automated)or other
TSPI systems(e.g.,GPSIINSorDGPS/INS).
b. At theinstantof simulatedrelease,withasynchronoussignal(SRTOA),from
anavailableData-linkormanuallyfromaPCC operator(usingtheVoice-link
withtheaircrew).
c. Afterthesimulatedrelease,withthelaseractivationtimesignal(LATOA),
markingthebeginningof thelaserdesignation,andthedetectedlaserspot
parametersuntildesignationis completed(planned esignationtime). The
LATOA signalwill besuppliedeitherbytheavailableData-linkorbymeans
of theVoice-linkwiththeaircrew/FAC. Shouldthelaserspotonthetargetbe
undetectedbytheSTD sensors(whenexpectedtobeonthetarget),awarning
signalshallbesentothePCC,allowingtheLSO toordertheimmediatelaser
deactivation(emergencyprocedure). In both normaland emergency
procedures,thetimeof laserdeactivation(LDTOA) shallbesupplied,with
similarmodalities(Data-link/Voice-Link),andconfirmedaswellbytheSTD
sensors.
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d. Beforemissionis initiated,withtherelevantatmosphericparametersinthearea
of operations(i.e., visibility, relativehumidity,air temperature,wind
speed/direction,etc.)andtargetparameters(i.e.,reflectivity,geometry,etc.).
TheMSD thencalculatestheoptimal"BombReleaseCorridor"(BRC) takinginto
accountthebomberflightparametersandgivesanoutputof thecomputederrorsin
quasi-real-time(i.e.beforethebeginningof a newreleasingexercise,within 1
minute)if Data-linkis available,or in deferredtime(i.e.post-missionanalysis
performedusingthedataofallreleasingexercisesdone)if Data-linkisunavailable.
Thetrainingcrew(s)will besupplied,inquasi-realordeferredtime(accordingtothe
previoustatement),withtheinformationlistedbelow.
.
.
Self desil!nationattacks
a. Thecalculatedoptimaltimeof release(andthedifferencewiththereal
one),keepingfixed all flight parameters,takinginto accounthe
designationtimeandSTDdetectedlaserspotcharacteristics(ontarget).
b. Thecalculatedoptimalaircraftspeed(groundspeed)atthesimulated
timeof release(andthedifferencewiththerealone),keepingfixedall
theotherflightanddesignationparameters.
c. The calculatedoptimalaircraftdesignationtimeandrangeenvelope
(distancesfromthetargetoutsidethesimulatedtargetlethal-rangebut
within the maximumrangefor an effectivedesignation)and the
differenceswiththerealdesignationtimeandprofile.
Co-ooerativeattacks(Bomber-SoikerAircraft)
a. Thecalculatedoptimaltimeof release(andthedifferencewiththereal
one),takingintoaccountthespikerdesignationtimeandSTD detected
laserspotcharacteristics(ontarget),keepingfixedall flightparameters
ofbothspikerandbomberaircraft.
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b. The calculatedoptimalbomberaircraftspeed(groundspeed)at the
simulatedtimeofrelease(andthedifferencewiththerealone),keeping
fixedall theother(spikerlbomber)flightparametersanddesignation
parameters.
c. The calculatedoptimalspikeraircraftdesignationtime and range
envelope(distancesfromthetargetoutsidethesimulatedtargetlethal-
rangebutwithinthemaximumrangeforaneffectivedesignation)and
thedifferenceswiththerealdesignationtimeandprofile.
Co-ooerativeattacks(Bomber-FAC)
a. Thecalculatedoptimaltimeof release(andthedifferencewiththereal
one),takingintoaccounttheGLTD designationtimeandSTDdetected
laserspotcharacteristics(ontarget),keepingfixedall bomberflight
parameters.
b. The calculatedoptimalbomberaircraftspeed(groundspeed)at the
simulatedtimeofrelease(andthedifferencewiththerealone),keeping
fixedalltheotherflightparametersandGLTD designationparameters;
c. Thecalculatedoptimaldesignationtimeandthedifferencewiththereal
designationtime, using the aircraftflight parametersduringthe
simulatedrelease.
Experimentalactivities
The PILASTER shallallowmeasurementof theapplicablelaserspot
parameters,uchas thelaserspotdiamensions,energydistributionandcentroid
position,laserspotquality,atmosphericextinctionmeasurements,andcode-signal
measurements(ontarget).
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4.3 PILASTER Composition
Unlessotherwisespecified,all the componentsof PILASTER will
complywiththeall applicablesystemsandlasersafetystandardsapprovedbythe
ItAF [1-26].ThePILASTER shallbefullyoperationalwiththepresentgeneration
lasersystemsandarmaments.Furthermore,its designshall be modularand
expandablein orderto allowfutureupgradeswhichmaybecomenecessaryfor
test/trainingoperationswithnextgenerationlasersystemsandarmaments.
Accordingtothegeneraldescriptionandconceptofoperationpreviouslyillustrated,
thePILASTER will becomposedbythefollowingmainsystems:
. ModularTarget(s)forRealAttacks(WeaponDeliveries);
PermanentTarget(s)forSimulatedAttacks(NoWeaponDeliveries);.
. StandingIMobileLaserSensorandTrackingUnites)(STU);
MonitoringControlandDisplayStationUnit(MSU);.
. LANIWAN (betweenMSU andSTU);
VideoLink(AircraftoMSU);
VoiceLink(VIUHFradiocommunications).
.
.
Furthermore,the use of a Bi-directionalData-link (MSU-Aircraft), and
Encryption/DecriptionoftheVideoLink,areconsideredasgrowthoptionsforfuture
PILASTER upgradeprograms.
4.3.1 Targets
In orderto fulfil the varioustest/trainingmissionrequirements,the
followingdifferentkindsoftargetsareenvisaged:
. Fast-recoverableTarJ!et(s).Thistypeof target(FRCT) shallbeusedforthe
effectivelaser-guidedinertbombreleasing,andshallhavea goalMeanTime
To Repair(MTTR) of 1hour;
. FixedTarJ!et(s).Thistypeof target(FXDT) shallbeusedforsimulatedlaser-
guidedbombreleasing.
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. DestrovableTarflet(s).Thistarget(DEST)shallsimulateatacticaltarget,and
shallbeusedforreleasinglaser-guidedweaponswiththeirnormal(orreduced)
warheadexplosivecharges;
. IR ReferenceTarflet(s).Usingthistarget(IREF), theMinimumResolvable
TemperatureDifferences(MRTD) andSpatialFrequencies(correspondingto
various2-D discriminationlevels),canbedeterminedfor theFUR systems
integratedwithairbornelasersystems.
. AClluisitionTraininflTarflet(s).Thiskindof target(ATGT) shallsimulatea
tacticaltargetforacquisitiontraining(i.e.shelter,tank,bridge,etc.).
TheFRCT andFXDT targetsareconsideredessential,andwill beimplementedsince
thefirstphasesofthePILASTER program.TheDEST,IREF andATGT targetsare
consideredasgrowthoptions.BoththeFRCT andFXDT will haveadimensionof
approximately1Ox10m2in ordertobeextendedfor themajorityof lasersystems
(groundandairborne)currentlyin service,at mostrangesandgrazinganglesof
practicalinterest.Furthermore,theywill bepaintedwithahighlydiffusivepaintof
knownreflectionproperties(i.e.,reflectanceandBRDF),inordertoallowSTU spot
energymeasurements.TheDEST andATGT targetshallhavedimensionsand
shapesappropriateo simulaterealtargetsandtoperformreal-time(in flight)and
post-missiondamage-assessment(DEST). TheIREF targetshallbea standardIR
multiplebarstarget,whosebarsshallbeheatedatpreciselytuneabletemperature
differences(.11)withrespecttothebackground.
4.3.2 Sensor Tracking and Measurement Unit
TheSTU shallbepositionednearbythetargets.An hardenedlocation
(e.g.,a littlebunker)will beconstructednearbytheFRCT andDEST targets.The
STU shallbecomposedbythefollowingelements:
. IR andTV Cameras;
DetectorArraysandProcessingUnits(tobeplacedontheFXDT targetonly);.
. RecordingSystems;
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. ComputerSystem(s)withWindowsNT orotheroperatingsystem;
DataAcquisitionandProcessingApplicationSoftware..
TheSTU shallcalculatethepositionofthelaserspotenergycentroidwithrespectto
thetargetcentre.A representationfthispositionwithinthetargetshallbesupplied
in real-timeto theMSU. TheSTU will alsodetermineandrecordthelaserspot
geometricdimensionsonthetarget.
Using the FXDT detectorsarray,the STU shall also providelaser energy
measurements(onthetarget)andthereforeallow,in post-processing,atmospheric
extinctiondetermination(by comparisonwith the known aircraft/system
coordinates).Furthermore,theFXDT detectorswill allowPRF measurementsfor
pulsedlasersystems.All thesemeasurementswill allowto verifytheimpactof
atmosphericandoperationalmissionparametersonsystemseffectiveness.
TheSTU shallbecapableof analysing,in thefirstdevelopmentphases,1.064J.!m
wavelengthlasers(NIR) andshallbe extensible,in successivephases,toanalyse
additionallasersystems,suchas theNearInfrared(NIR) 1.54-1.55J.!meye-safe
lasers,Mid-Infrared(MlR) andFar-Infrared(FIR)lasers.
4.3.3 Monitoring and Control Station Unit
TheMSU shallbeinstalledin thePCC building.TheMSU receivesthe
datafromtheSTU andshows,ondedicateddisplays,thelaserspotonthetargetand
thevideosignalreceivedfromtheaircraft(Video-link).Particularly,theMSU shall
becapableof:
. showing,simultaneouslyonthesamedisplay,thedataoutputcomingfromat
leastwodifferentSTUpositions;
. providingaural/visualwarningsto theLSO whentheexpectedlasersignalis
notdetectedbytheSTU;
. showingin real-timethevideosignalreceivedfromtheaircraft(Video-link),
onadedicateddisplay.
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TheMSU shallbedesignedtoadd,in successivedevelopmentphases,thepossibility
of automaticallydeactivatingtheon boardlaserarmament,whencriticalsafety
conditionsaredetected.TheMSU shallbebasicallycomposedof:
. a computerbasedworkstationwitha powerfulCPU, high-speedgraphicand
recordingcapabilities(adequateRAM andinternaVexternalmassmemory
devices),analogueanddigitalI/OandLAN/WAN interfaces;
. aVideo-linkgroundunit;
. aVoice-link(V/UHFradio);
. aData-linkgroundunit(growthoption).
4.3.4 LAN/WAN Networks
The PISQ shall be providedwith local or wirelessareanetworks
(LAN/WAN) for interconnectingthe STU and the MSU. The choiceand
combinationof LAN/WAN networks,hallbeassuitableforacorrectoperabilityof
thePILASTER systemsfromtheavailableSTU/MSUlocations.
4.3.5 Meteorological Sensors
In order to performmeasurementsof the relevantmeteorological
parameters,thePILASTER rangemustemploytwometeorologicalstations,both
equippedwiththesensorsnecessaryforaccuratemeasurements,duringtest/training
missions,of temperature(T), pressure(QHN),windspeed(Ws),relativehumidity
(RH),rainfallrate(Lix/Ltt),andturbulencestructureconstant(Cn). Eachof thetwo
groupsof sensorswill bemountedonatowerwithheightadjustablebetween0and8
metres.For trials/trainingactivitieswithgroundlasersystems,thesensorstowers
will beplacedatthetargetandlasersystemlocations,andalldatarelativetothetwo
locationswill be gatheredandrecordedat themeteorologicalstations.During
trials/trainingmissionswithairbornelasersystems,onlythedatarelativeto the
relevanttarget(s)location(s)will berecorded.All collectedmeteorologicaldatawill
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be used for post-missionanalysisof laser beam atmosphericpropagation
performance.
4.3.6 VideoLink
ThePILASTER will beprovidedwithaReal-timeVideoLink fromthe
aircraftotheMSU, toallowSafetyandTrialOfficers(inthePCC) tomonitorand
controlthewholelasertest/trainingoperations.Particularly,thelasersystemvideo
signal(alsoavailabletotheon-boardoperator)mustbesentothegroundMSU.
Two functionalblocksshallbeconsidered:anOn-boardUnit,tobeinstalledonthe
training/experimentalaircraft,anda GroundUnit,to beinstalledin thePCC and
interfacingwiththeMSU. Provisionforadditionalencryption/decryptionmodules
forthevideosignalshouldbealsoincorporatedinthesystem.
4.3.7 Voice Link
TheVoiceLink betweentheaircraftandtheMSU will beprovidedby
installingaV!UHF radiocommunicationsystem(includingtherelativeantennand
controlpanel)at thePCC. The systemshallbe fully compatiblewith radio-
communicationsystemscurrentlyinstalledor expectedto be installedon-board
aircraft.
4.3.8 DataLink
TheDataLink is onlyconsideredasanoption(growthpotential)forthe
PILASTER. If implemented,itcanbeusedtoperformthefollowingfunctions:
a. To maximiselasersafety,theMSU mayhavethecapabilityof controllingthe
laserarmament'skey-datasignals,suchastheLaserON, TrackMode,Lock-
On or TrackLost signals.For thispurpose,theMSU shallbecapableof
integratingadditionalHW/SW modulesfor analysingin real time the
1553/1760or otherDataBusmessagesexchangedbetweenthelasersystem
andtheon-boardmissioncomputerviaDataLink(LINK-16orother).
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b. To performareal-timeattacksimulation(self-designationrco-operative),the
MSU shallhavethecapabilityof acquiringin real-timethesignificantflight
parameters,byreadingtheapplicablebusmessages(MIL-STD-1553or other
avionicbus). In orderto providethecrew(s)withquasireal-timefeedback
duringsimulatedattacks,therelevantMSU outputscanbealsosentto the
aircraft.
4.4 Other Requirements
A feasibilitystudyhasto be carriedout in orderto investigatethe
possibilityof usingthecinetheodolite(CITE) systemspresentlyavailableatPISQ
(non-automaticsystems),byfilteringtheoperator-telescopesfromthelaseradiation
thatmightreachtheeyesof thesystemsoperators,orby usingautomaticsystems
and/orvisiblecamerasappliedatthecurrentCITE systemsoculars(toavoidany
operatorinjuryrisk). Analysiswill becarriedoutto specifytheoptimalsolution
(e.g.determinationftheopticaldensityfortheprotectivefilters,ormodificationof
theCITE systemsopticsdesignusingvisiblecameras).
As analternativeto thecurrentCITE, automaticCITE systems,DifferentialGPS
(DGPS),Analog/DigitalTranslators,orIntegrated(D)GPS/INSsystemsmaybeused
(for bothaircraftandweapontracking). The final solutionshallbe selected
balancingcost-effectivenessandminimisingtherelatedrequirementsin termsof
aircraft/weapona dgroundinstallations.
4.5 Growth Potentials
As alreadymentionedinthepreviousparagraphs,thePILASTER systems
shallbedesignedtorespond,atsuccessivestages,tothefollowingadditionalneeds:
. VideoLink Encryption(On-boardModule)and VideoLink Decryption
(GroundModule);
. UseofaDATA LINK, toallowthereal-timeavailabilityofthestatuswordsof
thelasersystems.Thiswill allowReal-timeSimulationofbombreleasingand
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4.6
ImprovedLaserSafetyby monitoringattheMSU theLaserArmed,Target
Lock-on(activeor lost)andothersignificantsignalstatus,in connectionwith
thelaserspotparametersmeasuredbytheSTU (andtransmittedtotheMSU).
Particularly,usinga Data-link,Automaticdeactivationof thelaserfiring is
foreseenana feasiblegrowthoption. TheMSU mayin factbecapableof
automaticallydeactivatingthelaserfiring,accordingto thetrackingstatus
(activeor lost)whentheSTU detectsa possibilityfor thelaserbeamto fall
outsidethetarget.Forthispurpose,aLaserDe-Activation(LDAC) signalmay
begenerated.This signal,sentto theaircraftbymeansof thebi-directional
link, will setoff the LaserArm signalby meansof an encoded-remote-
controlledrelaycircuitry;
Upgradesfor newlasersystems.The STU shallhavethepossibilityof
extendingthemeasurementcapabilityto wavelengthsotherthan1.064~m,
suchasthe1.54-1.55~mlasers,andMIR/FIR lasers;
Constructionof additionaltargets,suchasDestroyableTargets(DEST),IR
ReferenceTargets(IREF)andAcquisitionTrainingTargets(ATGT).
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ChaDter 5
PILASTER SYSTEMS DESIGN
5.1 General
An importantachievementof this researchwas the design,and initial
construction/testingof thePILASTER SensorTrackingandMeasurementUnit(STU)
andMonitoringandControlStationUnit (MSU). In thefollowing,theSTU/MSU
combinationwillbedenotedPILASTERLaserTrackingandMonitoringSystem(LTM).
ThePILASTER LTM systemallowsaccuratemeasuremento theground(Le.,target
location)of variousimportantlaserparameters(beampointingaccuracy,energy
receivedatthetargetlocation,spotgeometryonthetarget,etc.),displayata remote
location(i.e.,controlroom)of theinformationrequiredfor real-timeye-safetyand
test/trainingmissionsmanagement,andrecording(bothattheSTU andMSU locations)
of therelevantinformation.
Duringthisresearch,thearchitectureof theLTM systemwasprogressivelyrefined,
basedonsensors/systemstestresultsandadditionalmonitoringstation(controlroom)
requirements.Furthermore,thePILASTER permanentandmodulartargetswere
constructed,aftervariousdesigncalculationsandperformingfieldtestswithprototype
targetsandtargetmodules(usefulguidelinesforthetargetmaintenance/reconstruction
duringrealtest/trainingmissionswerealsoidentified).Thischapterpresentshecurrent
statusof the PILASTER development,with resultsof themaindesignactivities
performed.
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5.2 PILASTER LTM Design
As illustratedinchapter4,thePILASTERLTM systemiscomposedbythe
SensorTrackingandMeasurementUnit(STU)locatedinthevicinityof thetarget,and
theMonitoringandControlStationUnit (MSU) locatedin theremotecontrolroom
(PCC). This architectureapproachwas dictatedby eye-safetyand operational
considerations.In fact,thesensorunitmustbeplacedinthevicinityoftheilluminated
targettoperformitsfunctions(Le.,withinthe"BufferZone"fornon-eyesafesystems),
whereallunprotectedpersonnelhastobeevacuated.Furthermore,in general,it should
bepossibletoperform"laserattacks"withboth"dummy"orreduced-warheadweapons
(hardtargets),andthereal-timeavailabilityof the"spot-on-target"informationatthe
controlroomenhancestheLaserSafetyOfficer(LSO)situationawarenessand,in the
caseof testmissions,givestotheTrialOfficer(TO)animmediateperceptionof the
laserLOS stabilityandawayofpromptlyverifyingthesuccessofthevarioustestruns
beingperformed,thereforeincreasingtheprobabilityofoveralltestmissionsuccess.
5.2.1 PILASTER L TM Architecture and Functions
Accordingto theoperationalrequirementsdescribedin chapter4, the
PILASTERLTM mainfunctions(alreadyimplemented)arethefollowing:
measuringthepointingaccuracyof LTD/LRF systems,usingreferenceground
targets;
measuringthetemporalpowerdistributionofthelaserfootprintonthetarget;
measuringthelaserspotgeometryonthetarget;
processingtheabovemeasurements,transmittingtheresultsviaLAN/WAN, and
displayingthedatainreal-timeatthecontrolroom;
recordingall measurements,ogetherwiththerelativetimetags,in orderto allow
post-missionvisualisationandplottingof thedata.
5-2
--- n_n_- n --
EssentialtotheLTM designwasdefinitionof thesizeandlocationof thetargets.The
STU is a fixedormobileunit,tobeplacedatadistanceof 100mfromtheFRCT and
FXOT targets(thesetargetshaveadimensionofapproximately10x 10m2inorderto
beextendedforthemajorityof lasersystemscurrentlyinservice,atrangesandgrazing
anglesof practicalinterest).TheSTU employadata-linkforsendingin real-timeall
informationrequiredtotheMSU. Thedistanceandrelativedisplacementof theSTU
andMSU isoptimisedinordertoguaranteeaminimumnumberofRF repeaters.
OncetheWeaponSystemOperator(WSO)onboardtheaircraftinitialisestheLTO
firingprocedure,aportionofthedesignatedtargetis illuminated(Le.,a functionofthe
beamoutputdiameter/divergencea daircraft-targetdistance).TheSTUtracksthelaser
spotonthetarget(NIRcameras)andrecordstherelevantspotframes.Atthesametime,
foreachspot,thedatarelativetotheincidentlaseradiancearecollected,andtheenergy
centroidsofthelaserspotsaredeterminedandrecorded.Similarly,thespotsgeometric
centresaredeterminedandrecorded.
TheSTUwill alsodetermineandrecordthelaserspoteffectivedimensionsonthetarget
(allowinganestimationoftheeffectivelaserbeamdivergence,usingtheaircraft/system
trajectorydata),andcomputevariousparametersfor characteringthe degreeof
distortionofthelaserspot.
UsingArraysofOetectors(OEA's)installedontheFXDTtarget,heSTUalsoprovides
laserenergymeasurementson thetargetandthereforeallows,in post-processing,
atmosphericextinctiondeterminationforbothairborneandgroundlasersystems(by
usingtheknownaircraft/systempositioningdata).Furthermore,theFXDT detectors
allowtimelasersignalmeasurementsforCW andpulsedsystems(pulsedurationPD~2
nsandPRF = I +100Hz). Thesefeaturesallowtoverifytheimpactof atmosphericand
geometricmissionparametersonsystemeffectiveness.
TheSTU is currentlycapableof analysinglasersignalsat1.064J.!mand1.54/1.55J.!m
wavelengthsandwill be capable,in futureupgradedversions,toanalysesignalsfrom
othersources,uchasthe10.6J.!mCO2lasers.
Real-timeaircrafttrajectorydataarecurrentlyobtainedusingthetrackingradars
operatingatthePILASTER range,andpresentedthePCC. MoreAccuratepositioning
data,relativetoboththeaircraftandtheLGW, areobtainedin post-processingusing
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cinetheodolites(existingCITE with filteredopticalsightsand/orautomaticCITE
systems)and/orDifferentialGPS(DGPS).
5.2.1.1 PILASTER Sensor and Tracking Unit
Thegeneralarchitectureof thePILASTER STU is shownin Fig.5-1. The
STU electro-opticalsensorsincludean Array of Detectors(DEA) for direct
energy/signalmeasurementson thetarget,two IR cameras(onefor real-timespot
monitoringandoneforpost-processinglaserspotanalysis)andaTV camera(forLGW
impactdatacollection).Thecomputerunitsperformthefollowingfunctions:
STUconfigurationcontrol;
acquisition,processingandrecordingoftheIR/TV camerasrawdata(Le.,digital
images);
dataexchange,viaLAN/WAN,withtheMSU.
TheBITE pulsegenerator,commandedbythelocalcontrolpanelorbyaremoteMSU
operator(viaLAN/WAN) isactivatedinthesystemBITE MODE. Theaudiochannelis
availablefor communicationswiththeMSU duringtheSTD locationandcalibration
phase.
Aftercalibrationhasbeenperformed,theSTDcanworkasanautomaticunit,executing
thecommandsreceivedfromtheMSU. ForcertainspecificlocationsoftheSTUinthe
testrange(6possibleand2 existingFXDT/FRCTlocations),apermanenthard-wired
link(fibre-opticscablesconnectedtothePISQexistingnetwork)hasbeenadoptedfor
dataexchangeandcommunicationswiththeMSU. Thepowersupplyunitgeneratesall
stabilisedlowvoltagesrequiredbytheotherunits.
In theoperationalmode(OPRMODE)oftheLTM (seepara5.2.2),theFXDT DEA's
detecthelaserspoton thetargetandtheirProcessingUnits(DPU's)measurethe
temporalndenergeticcharacteristicsofthelasersignalsincidenttoeachdetector.The
SynchronisationModule(SYM) generatesthe"timelabel"usedto synchronisethe
TV/IR camerasimagesandtheDEAmeasurements.
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TheTV andIR camerasacquirethetargetandlaserspotimages,andsendthevideo
signalsto theirrespectiveFrameGrabbers(FRG's). TheFRG's converthevideo
signalsintoadigitalformat,associateotheconvertedsignalstherelative"timelabels",
andsendthelabelled igitalsignalsto thecomputerprocessors.Thecomputerunits
processthe framegrabbersandDPU outputsandassociatessynchronisedDEA
measurementstoeachIR frame(post-processingIR camera),andaTV frametoeachIR
frame(real-timeIR camera).Thereal-timeIR camerandTV cameraimagescanbe
viewedbyanoperatorattheSTU(e.g.,duringtheinitialinstallation/calibrationof the
STU)throughacomputermonitor.
Sensors
ProcessingUnits
LAN/WAN
Displays
Keyboards
Recorders
ComputerUnits
Figure5-1. PILASTER STU architecture.
Duringthe mission,the raw data(Le., thevalid imagesacquiredwith relativetime
labels,thefrequencydata,etc.)areprocessedattheSTU toobtaintherequiredoutputs.
Boththerawandthefinaldataarethenrecordedin thecomputersmassmemoriesand
alsodownloadedtoexternalmemorydevices.
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5.2.1.2PILASTER Monitoring and Control Station Unit
Thegeneralarchitectureof thePILASTERMSU is shownin Fig.5-2. The
computer,withitsperipherals,allowstheoperatortoselectheLTM operationalmode
andthedataexchangewiththeSTU. TheMSU receives,viaLAN/WAN, thedata
processedbytheSTUcomputer.Thecomputerdisplayshowthelaserbeampointing
data(real-timeIR camerarawframesandcomputedpointingdata)andthevisibletarget
images(TV cameradata)totheMSU operator.If requestedbytheMSU operator,the
rawdataacquiredinacertainumberoftestrunsbytheSTU(real-time/post-processing
IR camerasandTV cameradata)arecompressedbytheSTUcomputerandtransmitted
totheMSU. TheaudiochannelallowscommunicationswiththeSTUoperator,during
theSTUplacementandcalibrationphases.
LAN/WAN
FTI Receiver
'---I, , ,, ","1
I
I
, J_----., I: DataLink:
iL~~,~~,~,~,~-''t - ~
Audio
Channel
TargetDisplay
TargetDisplay
ControUer V/UHF Radio
PILASTER
Display
SystemDisplay
ControUer
MSU Computer
Low VolJage
PowerSupply
Post-processing
Figure5-2. PILASTER MSU architecture.
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Currently,adedicatedsoftwaretoolisalsobeingdevelopedforautomaticpost-mission
correlationbetweentheaircraftcinematicdata,storedbytheaircrafton-boardrecorders
orbydedicated(D)GPSdatarecorders,andthelaserfootprintdata.Thistoolwill also
serveasa missiondebriefingaidfortrainingactivitiesperformedwithairbornelaser
systems.
5.2.2 PILASTER L TM Functional Modes
Currently,thefollowingPILASTER LTM functionalmodeshavebeen
implemented:
INST MODE, requiredfortheinstallation(i.e.,alignment,calibration,etc.)ofthe
STU TV andIR camerasinthevicinityof theselectedtarget.In thismode,the
TV andIR targetimagescanbeviewedontheSTUcomputerdisplays,allowing
aninitialalignmentof thesensors.Afterthisoperationhasbeencompletedand
therelevantdatahavebeeninputtedtotheSTUcomputer,theLTM systemfully
definesthetarget-sensorsrelativegeometries.
BITE MODE, requiredto checkthecorrectfunctioningof thecompleteLTM
system,includingDEA andcamerasensors.To obtainthis,anarrayof LED's
generatesasignalwithcharacteristicssimilar(Le.,energy,timeandfrequency)to
a laserbeamonthetarget.Usingthissignal,all unitsareactivatedin turn,
allowinga completesystemcheck.TheBITE cycleexecutiontimeis about60
seconds.
After the BITE sequencehas beencompletedsuccessfully,the system
automaticallyenterstheOPR MODE (OperationalMode). In thismode,the
systemdeterminesthelaserfootprintdimensions,thelaserfootprintgeometric
centre,thelocationof thebeamenergycentroid,theenergymeasuredbyeach
DEA detector,thelaserPRF andPD,thetotalnumberofpulsesreceived,andthe
timelabelsassociatedwiththeacquiredlaserpulses.Theinstantaneouslaserspot
imagesandthegeometricentredataarepresentedin real-timeattheMSU. All
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otherinformationareavailablein aboutI minuteaftereachtest/trainingmission
run,andpresentedattheMSU operatorthrougha dedicatedsoftwaremenu(the
designtimeintervalbetweenonetest/trainingmissionrunandthefollowingis2
minutes).
TheTRF MODE (TransferMode),is a reversionarymodefortransferringthe
STUrecordedata(relativetothelast10test/trainingruns)totheMSU computer
(via LAN/WAN). The compresseddatarelativeto the 10missionrunsare
transferredfromtheSTUtotheMSU inatimenotexceeding5minutes.
5.3 PILASTER Sensors Characteristics
AccordingtoPILASTERgeneralrequirementspresentedinchapter4,various
typesofsensorswereselectedforthelaserange.Particularly,thePILASTERSTUand
the FXDT targetwere equippedwith sensorsfor laser spot monitoringand
geometric/energymeasurements.Furthermore,appropriatemeteorologicalsensorswere
selectedforlaserbeamatmosphericpropagationdata nalysis.
Selectionof the PILASTER sensorswasthe resultof manyengineeringdesign
calculations,compromiseof varioustechnicalandoperationalrequirements(usewith
airborneandgroundlasersystems,constraintsimposedbytheotherSTUhardwareand
softwarecomponent,FXDTtargetdesign,etc.),actuallaboratoryandfieldtests,andlast
(butnotleast),cost-effectivenessconsiderations.In thefollowingsections,thedesign
characteristicsof themainsensorselectedforthePILASTERprogramarepresented.
MoreinformationaboutheSTUsensorselectionprocessisgivenin chapters7and8
(LaboratoryandGroundExperimentalActivities).
5.3.1 IR CamerasandDigitalImageAcquisitionSystems
TheIR camerasintegratedin theSTU (real-timespotmonitoringandpost-
processingspotdataanalysis),hadto beequippedwithsuitableoptics(barrelsand
filters)anddigitalimageacquisitionsystemsin orderto matchthe PILASTER
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requirements.Particularly,accordingtothecalculationsperformed,theyhadtobeable
toacquire,bothin dayandnightconditions,laserspotswithminimumdimensionsof
O.lxO.lmetresandwitha minimumenergydensityof a 10J.Woule/m2,producedby
lasersbeamsatA =1064nmandA=1550nmincidentontargetswith5%minimum
reflectivity.Furthermore,bothrawandprocessedata(i.e.,acquiredNIR camera
framesandmeasurements/analysisre ults)hadto be transferredto thePILASTER
LAN/WAN networksforreal-timeandoff-linereadingattheMSU. Finally,a remote
controlsystem(throughLAN/WAN) wasrequiredfor theNIR cameras.In orderto
matchtheserequirements,thefollowingNIR cameras/optics,digitalimageacquisition
systemsandinterfacelectronicswereintegratedinthePILASTER STU:
PhoenixTMNIR cameraproducedby IndigoSystemsInc.,forpost-missionlaser
spotdataanalysis(Le.,determinationf laserspotgeometricandenergetic
characteristics).
MerlinTMNIR cameraproducedby IndigoSystemsInc.,forreal-timelaserspot
monitoring(Le.,laserspotpositiondeterminationforreal-timemonitoringatthe
STUand/orMSUlocations).
Thebarrelsfor thePhoenixTMNIR andMerlinTMNIR camerasrequiredto frame
(entirely)atargetwithdimensions!Ox10metres(locatedontheground),andalso
toframeacentralportionofthesametargetwithdimensions4x4metres(about3
metresabovetheground),froma distancevaryingbetween50metresand250
metres.
NarrowbandfiltersforthePhoenixTMNIRandMerlinTMNIRcamerassuitablefor
laseradiationatA.=1064nmandA.=1550nm.
A DigitalAcquisitionSystem(DAS) for thePhoenixTMNIR cameracomposedby
a rackwith a portablePC, thehardwareperipheralsandthesoftware(basedon
Media CyberneticsIMAGE-PRO PLUSTM version4.1) necessaryfor digital
imageacquisition,determinationof thegeometric/energeticcharacteristicsof the
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laserspots,andmemorizationf rawdata(acquiredframes)andmeasurements
data(off-lineanalysisresults).
A DigitalImageAcquisitionComputer(DAC) for theMerlinTMNIR camera
composedbyaportablePC,thehardwareperipheralsandthesoftware(basedon
MediaCyberneticsIMAGE-PROPLUSTMversion4.1)necessaryfor real-time
digitalimageacquisitionandmemorizationfdata.
A real-timeremotecontrolsystem(hardwareandsoftware)forthePhoenixTMNIR
andMerlinTMNIRcameras,integratedwiththePILASTERLAN/WAN networks.
The interfaceelectronicsfor thePhoenixTMNIR camera,requiredfor processed
(off-line)datatransmissionthroughthePILASTER LAN/WAN networks(and
visualisationatthePCC),andforreal-timeremotecontrolofthecamera.
The interface lectronicsfortheMerlinTMNIR camera,requiredfor real-timedata
transmissionthroughthePILASTER LAN andWAN networks(andreal-time
visualisationatthePCC), andforreal-timeremotecontrolof thecamera.
5.3.2 STU-FXDT Sensors and Processing Units
A LaserEnergyMeasurementSystem(LEMS),constitutedbyvariousLaser
EnergyMeter(LEM) electronicunits,equippedwith4+16PyroelectricProbe(PEP)
sensors(FXDT-mounted),werealsointegratedin thePILASTER STU. TheLEMS is
suitableformeasuringpulsedlasersignalswithveryshortpulseduration(PD)andlow
peakenergy(Ep),atI/,=1064nmandI/,=1550nm(10mJ/m2::;PD::;10~/m2,PD~2
nsec,PRF=1+400Hz).
TogetherwiththePEPsensors,eightsensors-headsconnectedviafiberopticscablestoa
modifiedversionof theMarconiSeleniaCommunicationsS.p.A.RALM-Ol Laser
WarningReceiver(M-RALM-Ol)wereinstalledontheFXDT target.A remotecontrol
anddisplayunitof theM-RALM-Ol systemwasalsoinstalledin theSTU, andthe
systemdataweresentotheMSUthroughtheLAN/WANnetworks.TheM-RALM-Ol
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systemwasusedtoaccuratelymeasurethePRF oftheincidentlasersignals,andasan
additionalback-upsensorforconfirmingthepresenceof lasersignalsonthePILASTER
FXDT target,forsafetypurposesduringbothtestandtrainingmissions(seechapter7
formoredetailsaboutheLEMS/PEPandM-RALM-01systemscharacteristics).
5.3.3 MeteorologicalSensors
Twowirelesscommercialmeteorologicalstations,equippedwithall sensors
requiredfor measuringrelativehumidity(RH), pressure(Pa), temperature(1),
differentialtemperatures(Td),rainfall-rate(L1x/At),windspeed(Ws)andwinddirection
(Wd),wereusedto collectherelevantdataattheFXDT targetlocationandat the
transmitterlocations(for groundsystemstesting),necessaryfor propagationand
performanceanalysis. Furthermore,two additionalsensorswereemployedfor
measuringtheturbulencestructureconstant(Cn)andturbulentheatflux (HI) atthe
FXDT targetand groundlasersystemslocations. Particularly,the following
systems/sensorswereemployed:
TwoWirelessMeteorologicalStations(WMS)constitutedbya0+10metrestower
for sensors installation(Le., hygrometers,barometers,thermometers,
thermocouples,rainfall-ratemetersandanemometers)anda localdisplayunit
(maximumdistancefrom the sensortower:100metre)with standardPC
interfaces.
A portableDisplayandRecordingStation(DRS),connectedtotheWMS(RS232
serial port), for real-timedatadisplay(touch-screendisplaywith retro-
illumination)andrecording(datafromallmeteorologicalsensorsacquireduring
aperiodof24hoursatasamplingfrequencyof 1Hz).
Twocalibratedthermometerswith0.1°Cprecision(Trange:-20°C++60°C).
Twocalibratedhygrometerwithaprecisionof 1% (RHrange:15%+100%).
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Twobarometerswith1hPaprecision,foratmosphericpressuremeasurement.
Two rainfall-ratemetersfor measurementof relativeandtotalAx/Lit,witha
precisionof0.1mm/hr.
Two anemometersfor wind speed(precision1 Km/h), and wind direction
determination(precision2°).
A scintillometer(composedbyalasertransmitterandaremotemeasurementu it)
fordeterminationftheturbulencestructureconstant(Cn),andturbulentheatflux
(Hi)'withmeasurementbaselinesbetween500mand5km.
5.4 PILASTER TSPI Systems
DuringtestandtrainingactivitieswithAirborneLaserSystems(ALS) and
LaserGuidedWeapons(LGW) at thePILASTER range,accurateTimeandSpace
PositionInformation(TSPI)canbeprovidedbyusingexistingcinetheodolitesystems
(withfilteredoperatoropticalsights),trackingradars(or lasertrackingsystems),and
variousground-basedradiopositioningsystems.Thesesystems,however,havea
varietyof limitations.Firstofall,theyprovideaTSPIsolutionbasedonmeasurements
relativeto largeandcostlyfixedgroundstations.Weatherhasanadverseffecton
manyof thesesystems,andall of themarelimitedtominimumaltitudesorto limited
portionsof thePILASTER rangearea.Thenumberof participantseachsystemcan
supportis verylimited,andcorrelationwithothersystemsi extremelydifficult,if not
impossible.Theselimitationsgreatlyincreaseinstrumentationc stsandimposesevere
constraintson test/trainingscenarios.Clearly,a morecost-effectiveTSPI sourceis
neededforthefinalPILASTERimplementation.
5.4.1 DGPS RangeApplications
TheGlobalPositioningSystem(GPS)providesa cost-effectivecapability
thatovercomesnearlyall thelimitationsof existingTSPI sources.GPS is a passive
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systemusingsatelliteswhichprovideuniversalndaccuratesourceofreal-timeposition
andtimingdatatocorrelatemissionevents.Thecoverageareais unboundedandthe
numberofusersisunlimited.Theuseof land-basedDifferentialGPS(DGPS)reference
stationsimprovesaccuracytoaboutonemetreforrelativelystationaryplatforms,andto
a fewmetresforhighperformancetacticalaircraft.Furtheraccuracyenhancementcan
beobtainedbyusingGPScarrierphasemeasurements,eitherin post-processingor in
real-time.Accuracydoesnotdegradeatlowaltitudesabovetheearth'surface,andloss
ofnavigationsolutiondoesnotoccuraslongastheantennahasanopenviewofthesky.
However,DGPSperformancein termsof datacontinuityandaccuracyduringhigh
dynamicsmanoeuvres,evenif sufficientformanytasks,cannotcovertheentireflight
envelopeof modemhighperformancefighteraircraft(seechapter9). Moreover,the
update-rateof GPSreceiversi toolowformanytasks.Currently,theintegrationof
GPSwithaninertialnavigationsystem(INS)isconsideredtobetheoptimalsolutionto
theabovementionedshortcomings.Thisintegration,performedeitherinreal-timeorin
post-processing,canprovidein facttherequiredupdaterateandhavea higherdata
continuityandintegrity.TheotheradvantagesofanINS: lowshortermdriftandlow
noise,arecombinedwiththeadvantagesof GPS:highpositionaccuracyandno long
termdrift. Moreover,thecombinationfanINS with(D)GPSisanaturalevolutionof
existingairbornenavigationsystems,the majorityof whichis currentlybasedon
an INS, updatedby otherpositioningsystemstocompensatefortheshortcomingsof
theinertialsystem.In thefollowingparagraph,someinformationis givenabouthe
initialselectionprocessof DGPSsystemsfor thePILASTER program.Groundand
flighttestactivitiesperformedwiththeDGPSsystemsselectedaftertheinitialtechnical
evaluation,aredescribedinthechapters8and9ofthisthesis.
5.4.2 PILASTERDGPSEquipmentSelection
As discussedin thepreviousparagraph,accuratedeterminationf aircraft
TSPI is a strongrequirementfor bothflight testandtrainingapplicationswith
ALS/LGW. Theforeseencapabilitiesof GPS,intermsof dataaccuracy,quicknessof
dataavailabilityandreductionofcost,movedtoundertakeastudyaimedatdefiningthe
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requirementsof a DGPSbasedsystemfor integrationi thePILASTER range.The
studywasmainlyaddressedto GPSusingCIA code,withpost-flightdifferentiation.
ThiswaspreferredtoGPSusingP-codeduetobothsimplicityofuseandhighaccuracy
attainablenotwithstandingtslowercost.Aftercontactingmanypotentialsuppliers,an
initialassessmentof differentsystemswasconductedin orderto selectheDGPS
systemsbestmatchingthetechnicalrequirements.Thetechnicalspecificationswere
submittedto a numberof companiesproducingGPSsystems.Of the12companies
contacted,four wereableto providesystemswith goodtechnicalcharacteristics.
Therefore,a comparisonwasnecessaryin orderto selecthesystemwiththebest
performance.Theresultsof thetechnicalanalysisareshownTable5-1. Thesystem
proposedby ELMER (ELMER R202P-codeairbornereceiver)did not satisfythe
essentialaccuracyrequirements.Thesystemproposedby thiscompanycouldonly
operatein P-codeandthereforeitsquotedaccuracy(16m SEP)wasbetterthanany
otherstand-aloneGPSsystemoperatingwiththeCIA code(100m2d-RMS),butless
thantheaccuracynormallyprovidedby a GPS in differentialmode(1-5m SEP).
Moreover,thenumberof channelsavailablewaslessthanrequiredandtheoverallcost
of thesystemwasveryhigh. Also thesystemproposedby TECHNITRON (GPS120
airbornereceiverandASHTECH-XII groundreceiver)wasunsatisfactory.Particularly,
theairbornesystemwasa5channelsreceiverandthequotedaccuracieswereinferiorto
theothersystems.Moreover,theRTCM-SC-104standardprotocolwasnotavailable.
ThesystemproposedbyASHTECHITALY (ASHTECHXII forboththeAR andthe
groundRS) satisfiedtheessentialrequirementsstatedin thespecificationdocument.
Even if theinterfaceavailableon theASHTECH XII receiver(RS-232)wasdifferent
fromtheonedesired(RS-422),thetechnicalproblemcouldbeeasilysolved.Also the
systemproposedby TRIMBLE ITAL Y (TANS airbornereceiverand4000SEground
receiver)fulfilled the essentialrequirementstatedin the PILASTER specification
documents.
As a final resultof thetechnicalanalysis,the systemsproposedby ASHTECH and
TRIMBLE were selected.Therefore,variousgroundand flight testactivitieswere
performedwith thesetwo systems,in orderto selecttheDGPS combinationwith the
besttechnicalandoperationalcharacteristics( eechapters8and9).
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Table5-1. Technicalcomparisonof fourDGPS systemsfor thePILASTER range.
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W
E MARCONI-ELMER ASHTECH IT AL Y TECHNITRON TRIMBLE ITALY
I
REQUIREMENTS G
H PERFORM. MARK MARK PERFORM. MARK MARK PERFORM. MARK MARK PERFORM MARK MARK
T x x x x
WEIGHT WEWHT WEIGHT WEIGHT
Airborne
N.ofchannels(6min.) 3 5 parallel 3 9 12parallel 5 15 5parallel 5 9 6parallel 5 15
CIA code(LI) 5 C/A+P I 5 CIA 5 25 CIA 5 25 CIA 5 25
equipment AidedMode(vel.aloalt.) I YES 5 5 (Altonly) 5 5 YES (option) 5 5 YES (option) 5 5
Ace.POS.w/oSA(25mSEP) 1 16mSEP 5 5 25mSEP 5 5 25mSEP 5 5 25mSEP 5 5
Ace.Pos.withSA(lOOm2dRMS) 3 16mSEP 5 15 100m2dRMS 5 15 lOOm2dRMS 5 15 lOOm2dRMS 5 15
Ace.Vel.w/oSA(0.02m/sRMS) 1 0.1m/sRMS 3 3 0.1rn/sRMS 5 5 0.1rn/sRMS 5 3 0.02rn/sRMS 5 5
Ace.Vel.withSA(0.1m/sRMS) 3 0.1rn/sRMS 5 15 0.1m/sRMS 5 15 0.1rn/sRMS 5 15 0.1rn/sRMS 5 15
StandardI/O 5 OK 5 25 RS232 3 15 RS232 5 15 OK 5 25
S!!!ITQIA!. 89 100 92 110
Ground N.ofchannels(9min.) 5 5parallel 3 15 12parallel 5 25 12parallel 5 25 9 parallel 5 25
Station
Code 5 C/A+P I 5 CIA 5 25 CIA 5 25 CIA 5 25
(L +L option) 5 YES 5 15 YES 5 15 YES 5 25 YES 5 15
Recordingmemory 3 UN I 3 20h 5 15 20h 5 15 6h 5 15
RCTM fOl1llat 5 NO I 5 OK 5 25 NO 1 5 OK 5 25
SUBTOTAL 43 105 95 105
Software
Real-timedifferentialmode:
-Position (10 m SEP) 3 .. N/A 3mSEP 5 15 25mSEP I 3 10mSEP 5 15
Accuracy -Velocity (0.02 rn/s) 3 .. .. 0.01m/sRMS 5 15 0.1m/s 3 9 0.02m/s 5 15
PostFLT differentialmode:
-Position(5mSEP) 5 .. .. 3 mSEP 5 25 10mSEP I 5 5mSEP 5 25
-Velocity(0.02rn/s) 5 .. .. 0.01rn/sRMS 5 25 0.05rn/sRMS 3 15 0.02m/sRMS 5 25
SUID:QIAL N/A 80 32 80
Tech.ass. 5 5 25 5 25 5 25 5 25
TOTAL 64 ISO 310 244 320
5.5 PILASTER Extinction MeasurementTechniques
Thestandardtechniquesu edforPILASTER laserextinctionmeasurements
(atmosphericpropagationtests)arethefollowing:
ExtinctionMeasurementTechniquen° I (EMT-l), usingthePILASTER non-
calibratedPhoenixTMNIR cameraand the FXDT-mountedPEP sensors
measurements.
ExtinctionMeasurementTechniquen°2(EMT-2),usingthePILASTERcalibrated
PhoenixTMNIR camerameasurements.
TherationalesoftheEMT-I andEMT-2techniquesaredescribedbelow.An additional
technique(EMT-3),developedtoperformextinctionmeasurementswhenPILASTER
standardtechniques(EMT-I andEMT-2) couldnot be implemented(e.g.,laser
transmittercharacteristicsnotcompatiblewiththe standardPILASTER STU sensors
response),anda ControlTechnique(EMT-CT) for systemsfield calibrationand
preliminaryverificationoftheEMT-I andEMT-2techniques,aredescribedinchapter8
(GroundExperimentalActivities).
5.5.1 Description of PILASTER EMT-1
Thistechniqueisbasedondirectmeasurementsof laserenergyatpre-defined
locationson thetarget(DEA detectors)anduseof thePhoenixTMNIR cameraspot
frames(NIR cameranon-calibrated)to reconstruct,by meansof theIMAGE-PRO
PLUSTMpixelintensitymatrixes(associatedtoeachframe),theoverallenergyintensity
profile(fromwhichatmosphericextinctioniscomputed).Thelogicalstepsinvolvedin
thistechniqueareshowninFig.5-3.
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Figure5-3. EMT-1laserspot energyprofilereconstruction.
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5.5.2 Description of PILASTER EMT-2
This techniqueis basedon useof thecalibratedPhoenixTMNIR camera
(calibrationperformedin thelaboratoryusinganIntegratingSphere,asdescribedin
chapter7)andsuccessiveadoptionofadedicatedenergyprofilingfunctionimplemented
withtheIMAGE-PROPLUSTMsoftware.Thisfunctionpermitstoobtaintheoverall
spotenergybydirectlyconvertingpixelintensitydataintoenergymeasurements.Using
thesemeasurements,atmosphericextinctioniscomputed.
As anexample,aspotmeasurementperformedusingtheELOP-PLDsystem(A=1064
nm)andEMT-2isshowninFig.5-4.Thetestwasperformedwithalaserslant-pathof
4 km,duringadaywithV=11km,RH=65%andT=18°C.In thiscase,anenergy
(E)of52.76mJ wasmeasuredbythePhoenixTMNIRcamera.UsingtheESLM model
presentedinchapter3,thefollowingpropagationfactorswerefound:
-rsi=0.54contributionduetoscatteringonly;
-rai=0.79contributionduetoabsorptiononly;
-ratm=0.43totalatmospherictransmittance.
Knowingthelaseroutputenergy(LOE)oftheELOP-PLDsystem(Le.,LOE=130mJ),
thecalculatedenergyincidentonthetargetwas55.9mJ. Therefore,in thiscase,the
differencebetweenthe transmittancealculatedwith the ESLM modeland the
measurementperformedwithEMT-2,wasabout5.6%.
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Figure5-4. EMT-2 laser spot energy measurement.
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5.6 PILASTER Targets
Currently,threedifferenttypesoftargetshavebeendesignedandconstructed
atthePILASTERrange.Particularly,accordingtothedefinitionsgiveninchapter4,the
followingtargetsarenowavailable:
Fast-recoverableTarget(FRCT);
FixedTarget(FXDT);
IR ReferenceTarget(IREF).
In thefollowingsections,thefinaldesignof thePILASTER FRCT,FXDT andIREF
targetsi presented.
5.6.1 FRCT Target
In orderto fulfil thegeneralrequirementdescribedin chapter4 (Le.,large
frontalareaandMTTR of 1hour),theFRCTwasdesignedasaverticalmodulartarget,
composedbyanumberof light-weightwoodmodules(coveringthefrontaltargetarea),
mountedona loadbearingwoodplanksstructure(alsomodularandeasyto repair),
installedonapermanentconcretebase.Therigidityof theloadbearingstructurewas
alsoincreasedbyusingtensioncables.
TheFRCT targetfrontsurfacedimensionsare9.76x7.925metres.Accordingto the
PILASTER requirements,heFRCT targetfrontsurfacewaspaintedwith highly
diffusivewhiteanddarkgreypaints(seechapter8). Somephasesof thePILASTER
FRCTtargetconstructionareshowninFig.5-5.
At a distanceof about250metresfromthePILASTER FRCT target,alongthetarget
normal(i.e.,welloutsidetheCEPofmostcurrentlaserarmaments),ahardenedshelter
(HSH)wasconstructedforinstallationoftheSTDsensors/systems.
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Figure5-5. PILASTER FRCT targetconstruction.
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5.6.2 FXDT Target
ThePILASTER FXDT targetis a concretewallwitha frontalsurfaceof
1Ox10 metres.Thewallis providedwitha numberof aperturesfor installingvarious
typesof targetpanels(paintedAl alloy)onthefrontsurface(illuminatedbythelaser).
Theaperturesareaccessibleatvariouslevelsof thewallusingpermanents airsonthe
backsideof thetarget.In thevicinityof theFXDT target,therearetwopermanent
shelters,oneforpermanentinstallationof STD sensors/systemsandonefor electric
powergeneration(EPG). Thegenerallayoutandlocationsof thePILASTER FRCT,
FXDT,HSHandpermanentSTDisshowninFig.5-6.
--- --
HSH(STU)
Figure5-6. PILASTER FXDT targetlayout.
TheFigures5-7and5-8showthelayoutof thethreeFXDT targetpanels.Various
aperturesarepresenton thepanelsfor installationof theSTD targetdetectorunits
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(lensesandopticalfibers).
duringthePILASTER activities.
Theseaperturesareoccludedif not occupiedby sensors
, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,
25cm
75cm
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4m
, . ," . /, . '
~~m
i~L:::~~~,t"
Telescope aper1ure is 50 mm +/-0.5 mm
(aper1ure of the fi~erholder). The telescope
transmission at A =1064 nm is 68.37%
(including filter).
A = Optical fi~erassembly
B = Lens
e = Detector
IAI
B e
Figure 5-7. PILASTER FXDT targetstandardpaneln° 1.
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Figure5-8.PILASTERFXDTtargetstandardpanelsn°2andn°3.
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AccordingtothePILASTER requirements,theFXDT targetpanelswerepaintedwith
highlydiffusivepaints(ofknownBRDFatA.= 1064nmandknownNIR reflectance
characteristics),in orderto performSTU spotenergymeasurements.After various
laboratoryexperiments(seechapter7), theNexteZTMpaintsandcoatingsproducedby
MankiewiczGebr.& Co. (GeorgWilhelmStraJ3e,189D-21107Hambug- Germany),
wereselectedfortheFXDT targetpanels.TheNexteZTMpaintsusedforthePILASTER
FXDT targetpanelsarelistedin Table5-2. Furtherdetailsaboutthe reflection
propertiesoftheNexteZTMpaintsaregiveninchapter7.
Table5-2. NextelMpaintsusedfor thePILASTER FXDT target.
5.6.3 IREF Target
ThePILASTER IREF is a thermaltargetpanelwitheightverticalbarsof
equalwidth,fourof whichareheatedatspecifiedtemperaturedifferences(.11)with
respecttotheunheatedbarsandbackground.Particularly,theIREF targetbars.1Tis
tuneablewith stepsof 0.5 °C (temperaturecontrolledby thermocouplesand
thermography).Using the IREF target,the MinimumResolvableTemperature
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PAINT DESCRIPTION
. NextelPrimer5523includingHardener5524
. White9125
. Anthracite7525
. NextelSuedeCoating428-22
. White919X
. Black9218
. Hardener405-12
. NextelThinner8061
Differences(MRTD)withspatialfrequencies(cycle/mrad)correspondingtovarious2-D
discriminationlevels,canbedeterminedfortheFUR systemsintegratedwithmodern
laserdesignationdevices.Furthermore,usingexperimentaldatacollectedinflight,it is
possibleto calculatethedetection,recognitionandidentificationrangesof theFUR
systems,fortargetsofgivenaspectdimensions.Thetechnicalpproachadoptedatthe
PILASTER rangeforcollectingandanalysingflighttestdatausingtheIREF target,is
describedinchapter9.
3m
37.5cm
4m 3m
4m
Figure5-9. PILASTER IREF targetfor FLlR systemstesting.
The IREF thermaltargetpanelfrontdimensionsareshownin Fig. 5-9. Thetarget
reflectanceis about0.1in theNIR waveband.Thisis obtainedbypaintingthepanel
surfacewithdeadmattblackTrimiteTM1133paint,coatedwithBubbleflexTMB792
(PlayliteLtd.). TheIREF targetelevationis adjustablewithmechanicaldevicesfrom
horizontaltoverticalthrough90°.TheIREF targetpanelcanbeusedindependently,or
canbeinstalledonthePILASTERFXDTpermanentstructure(likethestandardpanels
usedfor laserspotmeasurements,withanadditionalmechanicaldeviceforelevation
control).
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The atmosphericspectraltransmittancer(%)measuredovera 1820-mhorizontal
pathatsealevelisshowninFig.3-2.
Figure3-2. Sea-leveltransmittanceovera 1820mhorizontalpath
[adaptedfromRef.3J.
Themoleculeresponsibleforeachabsorptionbandis shownintheupperpartof the
figure. It is evidenthatH2O andCO2areby farthemostimportantabsorbing
molecules.Thisisalsothecasefortherangeofaltitudesextendingfromsealevelto
about12km. Dependingonweatherconditions,altitude,andgeographicallocation,
theconcentrationof H2O variesbetween10-3and1 percent(by volume).The
concentrationof CO2 variesbetween0.03and0.04percent.Otherabsorbing
moleculesfoundin theatmospherearemethane(CH4)' witha concentrationof
around1.5xl0-4percent;nitrousoxide(N2O), with a concentrationof around
3.5xlO-Spercent;carbonmonoxide(CO) witha typicalconcentrationof 2xl0-s
percent;andozone(°3),withaconcentrationaslargeas10-3percentatanaltitude
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of around30km. Theconcentrationof ozonenearsealevelis negligible.In Fig. 3-2
the wavelengthintervalswhere the transmittanceis relativelyhigh are called
"atmosphericwindows". Obviously, for efficientenergytransmissionthe laser
wavelengthshouldfall well withinoneof thesewindows. Therearea totalof eight
suchwindowswithin thewavelengthrangeextendingfrom0.72to 15.0/-!m.The
windowboundariesarelistedin Table3-1.
Table3-1. Wavelengthregionsofatmosphericwindows.
Thescatteringcoefficientf3in eqs.(3.20)and(3.22)alsodependsonthefrequency
oftheincidentradiationaswellastheindexofrefractionandradiusofthescattering
particle.Theincidentelectromagneticwave,whichis assumedtobeaplanewavein
agivenpolarizationstate,producesforcedoscillationsoftheboundandfreecharges
withinthesphere.Theseoscillatingchargesinturnproducesecondaryfieldsinternal
andexternaltothesphere.Theresultingfieldatanypointis thevectorsumof the
primary(planewave)andsecondaryfields. Oncetheresultantfield hasbeen
determined,thescatteringcrosssectionisobtainedfromthefollowingrelationship:
totalpowerscatteredbyscatterer
(J' =
S magnitudeof thetime- averagedincidentpoyntingvector
(3.25)
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WindowBoundaries
WindowNumber
{pm}
I 0.72 0.94
11 0.94 1.13
III 1.13 1.38
IV 1.38 1.90
V 1.90 2.70
VI 2.70 4.30
VII 4.30 6.00
VIII 6.00 15.0
In the scatteringprocessthereis no loss of energybut only a directional
redistributionwhichmayleadtoa significantreductionin beamintensityfor large
pathlengths. As is indicatedin Table3-2, thephysicalsize of the scatterer
determinesthetypeof scattering.Thus,air moleculesthataretypicallyseveral
angstromunitsin diameterleadtoRayleighscattering,whereastheaerosolscatter
light in accordancewith theMie theory. Furthermore,whenthescatterersare
relativelylarge,suchasthewaterdropletsfoundin fog,clouds,rain,or snow,the
scatteringprocessismoreproperlydescribedbydiffractiontheory.
Table3-2. Typesofatmosphericscattering.
3.3.2 ComputerCodes
In principle,one could determinethe exactcompositionof the
atmosphereoverthepathof interestand,employingthephysicsof molecularand
aerosolextinction,computetheatmosphericextinctioncoefficient.Becauseof the
widevariationsin weatherconditionsandsparsityof dataon someatmospheric
constituents,it is desirableto adoptan engineeringapproachto atmospheric
modelling. The requiredmodelshouldincludeseveralweatherconditionsand
shouldbevalidatedwithlaboratoryandfielddata.
To dealwiththesecomplexphenomena,thePhillipsLaboartoryof theGeophysics
Directorateat HanscomAir ForceBase(Massachusetts)hasdevelopedcodesto
predictransmittance/radianceeffectsforvaryingconditions.Particularly,theyhave
createdLOWTRAN (LOW spectralresolutionTRANsmissioncode),FASCODE
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Typeof Scattering SizeofScatterer
RayleighScattering Largerthanelectronbut
smallerthan A
MieScattering ComparableinsizetoA
Non-selectiveScattering MuchlargerthanA
- -
(FASt atmosphericsignatureCODE),MODTRAN (MODeratespectralresolution
TRANsmissioncode),and HITRAN (HIgh resolutionTRANsmissioncode).
Furthermore,in recentyears,powerfultoolsfortheassessmentandexploitationof
propagationconditionstogetherwithrangeperformancemodelsformilitarysystems
havebecomeavailable.
It is impossibletopresentin afullycomprehensivewayallavailabletools. Instead,
somerelevantinformationaregivenin AppendixC. In thefollowingparagraphs,
onlytheempiricalmodelselectedfortheinitialversionsofthePILASTER Mission
PlanningandAnalysis(MPA) softwaretoolsaredescribed.
3.3.3 Elder-Strong-Langer(ESL)Modelfor Ta;
A simpleapproach,yieldingapproximatevaluesof the absorption
coefficient,hasbeensuggestedbyElderandStrong[4]andmodifiedbyLanger[5].
Theirapproachis particularlyusefulbecauseit providesa meansof relatingthe
atmospherictransmissionof thelh windowto therelativehumidity(i.e.,a readily
measurableparameter).Theassumptionis thatvariationsin thetransmissionare
causedby changesin thewatercontentof theair. Specifically,changesin the
concentrationf H2Ocausechangesin theabsorption,andchangesin thesizeand
numberof waterdropletswithhumiditycausechangesin thescatteredcomponent.
Thisisavalidassumptionsincetheotheratmosphericconstituentshaveareasonably
constanteffectonthetransmittanceofagivenatmosphericwindow.
It is customarytoexpressthenumberofH2Omoleculesencounteredbythebeamof
light in termsof thenumberof precipitablemillimetresof waterin thepath.
Specifically,thedepthof thelayerof waterthatwouldbeformedif all thewater
moleculesalongthepropagationpathwerecondensedinacontainerhavingthesame
cross-sectionalareaasthebeamistheamountofprecipitablewater.A cubicmeter
of airhavinganabsolutehumidityofp gramsperm3wouldyieldcondensedwater
thatcovera1m2areaandhaveadepthof:
w'=10-3P (3.26)
w'istheprecipitablewaterhavingunitsofmmpermeterofpathlength.
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For apathlengthofzmeterseq.(3.26)becomes:
w =IQ-3 P .z (3.27)
wherew is nowthetotalprecipitablewaterin millimetres.Thevalueof p, the
densityof watervapour,canbe foundby multiplyingtheappropriatenumberin
Table3-3bytherelativehumidity(RH).
Table3-3. Massof watervapourinsaturatedair (g/m3).
Similarnumericalresultscanbeobtainedusingthefollowingequation[6],whichis
convenientforcomputercodeimplementation:
p =1322.8.RH exp
[
25.22.(T- 273.16)- 5.31.1n
(
T
)]T T 273.16
(3.28)
whereRH is therelativehumidity(asa fraction),andT is theabsolutetemperature
(OK).
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Temperature
(OC) 0 1 2 3 4 5 6 7 8 9
-20 0.89 0.81 0.74 0.67 0.61 0.65
-10 2.15 1.98 1.81 1.66 1.52 1.40 1.28 1.18 1.08 0.98
-0 4.84 4.47 4.13 3.81 3.52 3.24 2.99 2.75 2.54 2.34
0 4.84 5.18 5.54 5.92 6.33 6.76 7.22 7.70 8.22 8.76
10 9.33 9.94 10.57 11.25 11.96 12.71 13.50 14.34 15.22 16.17
20 17.22 18.14 19.22 20.36 21.55 22.80 24.11 25.49 27.00 28.45
30 30.04 31.70 33.45 35.28 37.19 39.19
Basedon thework doneby ElderandStrong[4], two empiricalexpreSSIons,
developedbyLanger[5],canbeusedtocalculatetheabsorptivetransmittanceTa;for
the lh windowfor any givenvalueof theprecipitablewatercontent. These
expreSSIOnsare:
-A.j; .c.
Tai =e' , lor W< Wi (3.29)
(
w
)
P'
Tai =ki ~ ' for W>Wi (3.30)
whereA;,k;,p;andW;areconstantswhosevaluesforeachatmosphericwindoware
listedinTable3-4.
Table3-4. Constantstobeusedineqs. (3.34)and(3.35).
In summary,eqs.(3.29)and(3.30),togetherwitheq.(3.27)andTable3-3(oreq.
3.28),provideinformationthatcanbeusedtoobtainanestimateof theabsorptive
transmittance(Ta;)of laserbeamshavingwavelengthsthatfall withinthevarious
atmosphericwindows.Theresultsapplytohorizontalpathsintheatmospheren ar
sea leveland for varyingrelativehumidity. To obtainthe totalatmospheric
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Constants
A; k; /3; W;
Window
I 0.0305 0.800 0.112 54
11 0.0363 0.765 0.134 54
III 0.1303 0.830 0.093 2.0
IV 0.211 0.802 0.111 1.1
V 0.350 0.814 0.1035 0.35
VI 0.373 0.827 0.095 0.26
VII 0.598 0.784 0.122 0.165
transmittancewe mustmultiply Taiby Tsi (i.e., thetransmittancedueto scattering
only).
3.3.4 EmpiricalExpressionsfor "si
Basedonrigorousmathematicalapproaches,thescatteringpropertiesof
theatmosphereduetotheaerosolparticlesaredifficultoquantify,andit is difficult
toobtainananalyticexpressionforthescatteringcoefficientthatwill yieldaccurate
valuesoverawidevarietyof conditions(seeAppendixC). However,anempirical
relationshipthatisoftenusedtomodelthescatteringcoefficient[7]hastheform:
P(A)=C1Xo +C2A-4 (3.31)
whereCl, C2,and(j areconstantsdeterminedbytheaerosolconcentrationa dsize
distribution,andA.is thewavelengthof theradiation.Thesecondtermaccountsfor
Rayleighscattering.Sincefor all wavelengthslongerthanabout0.3flm thesecond
termis considerablylessthanthefirst, it maybeneglected.It hasbeenfoundthat
8 ::::1.3:t0.3producesreasonabler sultswhenappliedto aerosolswitha rangeof
particlesizes.
An attempthasalsobeenmadetorelate(j andCl tothemeteorologicalr nge.The
apparentcontrastCz,ofasourcewhenviewedatA.=0.55!lmfromadistancez isby
definition:
C = Rsz- Rbz z
Rbz
(3.32)
WhereRszandRbzaretheapparentradiancesof thesourceanditsbackgroundasseen
fromadistancez.
For A=0.55!lm,thedistanceatwhichtheratio:
Rsz- Rbz
V =Cz = Rbz
Co Rso- Rbo
Rbo
=0.02 (3.33)
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is definedasthemeteorologicalr ngeV (orvisualrange).Itmustbeobservedthat
this quantityis differentfromthestandardobservervisibility(Vobs)'Observer
visibilityis thegreatestdistanceatwhichit is justpossibleto seeandidentifya
targetwiththeunaidedeye. In daytime,theobjectusedfor Vobsmeasurementsis
darkagainstthehorizonsky(e.g.,highcontrasttarget),whileduringnighttimethe
targetis amoderatelyintenselightsource.TheInternationalVisibilityCode(IVC)
is giveninTable3-5. It isevidentthat,whiletherangeofvaluesforeachcategoryis
appropriateforgeneralpurposes,it istoobroadforscientificapplications.
Table3-5. InternationalVisibilityCode (IVC).
Visibilityis a subjectivemeasurementestimatedbya trainedobserverandassuch
canhavelargevariabilityassociatedwiththereportedvalue.Variationsarecreated
by observershavingdifferentthresholdcontrastslookingat nonidealtargets.
Obviously,visibilitydependsontheaerosoldistributionandit isverysensitivetothe
localmeteorologicalconditions.It is alsodependentupontheviewanglewith
respecttothesun. As thesunangleapproachestheviewangle,forwardscattering
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DESIGNA TION VISIBILITY
DenseFog 0- 50m
ThickFog 50- 200m
ModerateFog 200- 500m
LightFog 500- 1 km
ThinFog 1- 2 km
Haze 2-4 km
LightHaze 4 -10 km
Clear 10- 20km
VeryClear 20- 50km
ExceptionallyClear >50km
intotheline-of-sightincreasesandthevisibilitydecreases.Therefore,reportsfrom
localweatherstationsmayormaynotrepresenttheactualconditionsatwhichthe
experimentistakingplace.Sincemeteorogicalrangeis definedquantitativelyusing
theapparentcontrastof a source(ortheapparentradiancesof thesourceandits
background)asseenfromacertaindistance,it eliminatesthesubjectivenatureofthe
observerandthedistinctionbetweendayandnight.Unfortunately,carelessnesshas
oftenresultedinusingtheterm"visibility"whenmeteorologicalr ngeis meant.To
insurethatthereis no confusion,"observer-visibility"(Vobs)will beusedin this
thesistoindicatethatit isanestimate.
If onlyVobsi available,themeteorologicalr nge(V)canbeestimated[6]from:
v ~ (1.3:t0.3).Vobs (3.34)
Fromeq.(3.33),if we assumethatthesourceradianceis muchgreaterthanthe
backgroundradiance(i.e.,Rs>>Rb)andthatthebackgroundradianceis constant
(i.e., Rbo = Rbz ), thenthetransmittanceat A = 0.55llm (whereabsorptionis
negligible)isgivenby:
Rsv=e-jJv=0.02
Rso
(3.35)
Hence,wehave:
In
(
Rsv
J
=-pV =-3.91
Rso
(3.36)
andalso:
R 3.91 s:
f-' =--C Xv
V - I
(3.37)
It followsfromeq.(3.36)thatheconstantCl isgivenby:
Cl =3.91.0.55°V (3.38)
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Withthisresulthetransmittanceatthecentreofthelhwindowis:
3.91
(
A.
)
-0
Tsi =e-7' O.~5 .z (3.39)
whereAimustbeexpressedinmicrons.If, becauseofhaze,themeteorologicalr nge
is lessthan6 km,theexponent(j is relatedto themeteorologicalrangeby the
followingempiricalformula:
8 =0.585W (3.40)
WhereVis inkilometres.WhenV~6km,theexponent(jcanbecalculatedby:
8 =0.0057.V +1.025 (3.41)
For exceptionallygoodvisibility(j = 1.6,andfor averagevisibility(j ~ 1.3. In
summary,eq.(3.39),togetherwiththeappropriatevaluefor(j,permitsustocompute
thescatteringtransmittanceatthecentreoftheithwindowforanypropagationpath,
if themeteorologicalr ngeV is known.It is importanttonoteherethatin general
thetransmittancewill, of course,alsobeaffectedbyatmosphericabsorption,which
dependingontherelativehumidityandtemperaturemaybelargerthanisi.
3.3.5 Propagation Through Haze and Precipitation
Hazerefersto thesmallparticlesuspendedin theair. Theseparticles
consistof microscopicsaltcrystals,veryfinedust,andcombustionproducts.Their
radii areless than0.5 /lm. Duringperiodsof highhumidity,watermolecules
condenseontotheseparticles,whichthenincreasein size. It is essentialthatthese
condensationnucleibeavailablebeforecondensationcantakeplace.Sincesaltis
quitehygroscopic,it is byfarthemostimportantcondensationnucleus.Fogoccurs
whenthecondensationnucleigrowintowaterdropletsor icecrystalswithradii
exceeding0.5/lm. Cloudsareformedinthesameway;theonlydistinctionbetween
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fog andcloudsis thatonetouchesthe groundwhile the otherdoesnot. By
conventionfoglimitsthevisibilitytolessthan1km,whereasinamistthevisibility
isgreaterthan1km.
We knowthatin theearlystagesof dropletgrowththeMie attenuationfactorK
dependstronglyonthewavelength.Whenthedrophasreachedaradiusa ~ lOA
thevalueof K approaches2, andthescatteringis nowindependentof wavelength,
i.e.,it is non-selective.Sincemostof thefogdropletshaveradiirangingfrom5 to
15 Ilm they are comparablein size to the wavelengthof infraredradiation.
Consequentlythevalueofthescatteringcrosssectionisnearitsmaximum.It follows
thatthetransmissionoffogsineitherthevisibleorIR spectralregionispoorforany
reasonablepathlength.Thisofcoursealsoappliestoclouds.
Sincehazeparticlesareusuallylessthan0.5Ilm,wenotethatforlaserbeamsinthe
IR spectralregiona/A.<<1 andthescatteringis not an importantattenuation
mechanism.Thisexplainswhyphotographsof distantobjectsaresometimesmade
withinfrared-sensitivefilmthatrespondstowavelengthsouttoabout0.85Ilm. At
thiswavelengththetransmittanceof a lighthazeis abouttwicethatat 0.5 Ilm
Raindropsareof coursemanytimeslargerthanthewavelengthsof laserbeams.As
aresulthereisnowavelength-dependentscattering.Thescatteringcoefficientdoes,
however,dependstronglyonthesizeof thedrop.Middleton[7,8]hasshownthat
thescatteringcoefficientwithrainisgivenby:
fJrain =1.25 .10-6 L1x/L1t
a3
(3.42)
whereL1x/L1tis therainfallrateincentimetresofdepthpersecondanda is theradius
of thedropsin centimetres.Rainfallratesforfourdifferentrainconditionsandthe
correspondingtransmittance(duetoscatteringonly) of a 1.8-kmpathareshownin
Table3-6[9]. Thesedataareusefulfororderof magnitudeestimates.In orderto
obtainaccuratestimates,theconcentrationsof thedifferentypesof raindrops
(radius)andtheassociatedrainfallrateshouldbeknown.In thiscase,thescattering
coefficientcanbecalculatedasthesumof thepartialcoefficientsassociatedto the
variousraindrops.
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Table 3-6.Transmittanceofa 1.8-kmpaththroughrain.
A simplerapproach,usedin LOWTRAN, givesgoodapproximationsof theresults
obtainedwith eq. (3.42)for mostconcentrationsof differentrain particles.
Particularly,in LOWTRAN,thescatteringcoefficientwithrainhasbeenempirically
relatedonlytotherainfallrateL1x/Lit (expressedinmm/hour),asfollows[6]:
p","~ 0365-(::)''' (3.43)
Table3-7providesrepresentativerainfallrateswhichcanbeusedin eqs.(3.42)and
(3.43),whenno directmeasurementsareavailable,to obtainorderof magnitude
estimationsof fJrain[10].
Table3-7.Representativerainfallrates.
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Rainfall (cm/h) Transmittance(1.8kmpath)
0.25 0.88
1.25 0.74
2.5 0.65
10.0 0.38
Rain Intensity Rainfall (mm/hour)
Mist 0.025
Drizzle 0.25
Light 1.0
Moderate 4.0
Heavy 16
Thundershower 40
Cloud-burst 100
In thepresenceof rain,in additiontothescatteringlossescalculatedwitheq.(3.42)
or (3.43),thereare,of course,lossesbyabsorptionalongthepath,andthesemustbe
includedinthecalculationofthetotalatmospherictransmittancewithrain.
3.3.6 P~ASTERCombmedMod~
Combiningtheequationspresentedin theparagraphs3.2.2,3.2.3and
3.2.4,thesetof equationspresentedin Table3-8wereobtained,forcalculatingthe
atmospherictransmittance('fatm)in thevariousconditions,with transmitterand
receivercollocated.
Table3-8. Transmittanceequationsfortransmitterandreceivercollocated.
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Case Cond. Equations n°
V:26km
( . r -,'c'I{-"- rm'=A r =k. w, .e v 0.55w>wi aIm I (3.44)W
B V:26 km [ .r,; 3.91 ( A r(00057.V+L025)]-z. Ai W+- ---1..-w<wi r atm = e v 0.55 (3.45)
C V <6km
[ 3.91( A r0585 W]
-z. A. w+- I
w<wi
I v 0:55 (3.46)
'f aIm = e
D V<6km
( r -''' ( . t'"' '"w - .-. Iw>wi r aIm =ki. ---L .e- v 0.55 (3.47)W
R1
Rain
[ (&t3]-.j; -z.0.365.-w<Wj 'f =eA,w. LlI
(3.48)
aIm e
R2
Rain
- (w,r +"'{r]w>wi 'faIm- ki - .e (3.49)w
The casesRI andR2 in Table3-8 areindependentof meteorologicalrange(V).
Straightforwardnumericalanalysishowsthatthe'atmestimatesobtainedwithrain
usingeqs.(3.48)and(3.49),arealwayslessthanthecorrespondingtransmittance
estimatesobtainedwitheqs.(3.46)and(3.47)withdry-airconditionsandV <6km,
forrainfallratesL1x/Lit~1 (i.e.,fromlightraintocloud-burst).
In thecaseoftransmitterandreceivernotcollocated(e.g.,LTD/LGW combination),
theequationsinTable3-8havetobemodified,takingintoaccountthathetotalaser
path(z) is givenbythesumof therangetransmitter-targetandtarget-receiver(see
Fig.3-1).Therefore,wehave:
z =RI+Rr (3.50)
Denotingwiththesubscriptsandr thetermsrelativetothetransmittingand
receivingpathsrespectively,wehavethathetotalatmospherictransmittance('tot)is
givenby:
'tol='I .'r (3.51)
Therefore,in orderto accountfor all possiblecases,we haveto considerthe23
possiblecombinationsreferringtodry-air(V ~6km~ V <6km, WI~Wi~ wl<Wi
and wr~Wi~ Wr<Wi)' and the 22 combinationsrelativeto rainy conditions
(WI ~Wi~ wl <Wi and wr ~Wi~ Wr<Wi). It should be considered,however, that
theconditionwl <Wi is not likely to occurin manycasesof practicalinterestwith
LTD/LGW systems.Fromeq.(3.27),weobtainthemaximumtransmitterdistance
(Rmax)fromwhichtheconditionwl<Wiisverified:
R
W
max <-!- .103
P
(3.52)
In normaldry-airconditions(e.g.,T= 24°CandRH= 75%)Rmaxequatestoabout3
km. This is a distanceveryshortin manyrealoperationalscenarios.Obviously,
whitrainyconditions,therangeRmaxwouldbeevenshorter.Tables3-9and3-10
showtheequationsdevelopedforalldry-airandraincasesconsidered.
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Table3-9.ESLM-dryequationsfortransmitterandreceivernotcollocated.
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Case Cond. Equations n°
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Table3-10.ESLM-rainequationsfortransmitterandreceivernotcollocated.
The equationspresentedin theTables3-8,3-9and3-10representthecombined
Elder-Strong-Langer-Middleton(ESLM) model,relativeto laserbeamhorizontal-
pathpropagationat sea-levelbothin dry-airandrainconditions.Thevalidation
processof theESLM model,beforeincorporationi thePILASTER MPA tools,was
undertakenduringthis researchusingexperimentaldatacollected uringground
trials. Furthermore,correctionsto beappliedwith increasingaltitudesandwith
variouslaserslant-pathgrazinganglesweredeterminedusingdatacollectedinflight
tests.Theresultsof theseactivitiesaredescribedin thechapters8 and9 of this
thesis.
3.3.7 Refractive Index Variations
Whena laserbeampassesthroughair, therandomlyfluctuatingair
temperatureproducesmalldensityandrefractiveindexinhomogeneitiesthataffect
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Case Cond. Equations N°
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thebeamin atleasthreedifferentways.Consideringforexampleaninitiallywell-
definedphasefront propagatingthrougha regionof atmosphericturbulence.
Becauseof randomfluctuationsin phasevelocitytheinitiallywell definedphase
frontwill becomedistorted.Thisaltersandredirectstheflowofenergyinthebeam.
As thedistortedphasefrontprogresses,randomchangesin beamdirection("Beam
Wander")andintensityfluctuations("Scintillation")occur.Thebeamis alsofound
tospreadinsizebeyondthedimensionspredictedbydiffractiontheory.
Thecauseof all this,aswehavestated,is atmosphericturbulencethatariseswhen
air parcelsof differentemperaturesaremixedby wind andconvection.The
individualairparcels,orturbulencecells,breakupintosmallercellsandeventually
losetheiridentity.In themeantime,however,themixingproducesfluctuationsin
thedensityandthereforein therefractiveindexof air. To describetheserandom
processes,onemusthaveawayof definingthefluctuationsthatarecharacteristicof
turbulence.Themostcommonapproachesadoptedmaybefoundin Strohbehn[12]
andWeichel[3]. The mostrelevantconceptsof turbulencerelatedstudiesare
presentedinAppendixC.
3.3.8 OtherPropagationEffects
Thepropagationof a laserbeamthroughatmosphericturbulenceis a
linearphenomenoni thattheairis notaffectedbythebeam.Strictlyspeaking,this
is only truefor beamsof relativelylow irradiance.As thebeamirradianceis
increased,molecularabsorptionwill leadtotemperaturegradientsinthemediumthat
in turninducedensityandindex-of-refractionchanges.Thefinalresultis amedium
whoseopticalpropertieshavebeenaltered.Thisphenomenonis non-linear,in that
thebeamirradiancedistributionleadstoindex-of-refractionchanges,whichin turn
alterthebeam'sirradiancedistribution,whichalterstherefractiveindex,etc.
Non-linearpropagationeffectstypicallyinclude:"ThermalBlooming"(whose
consequenceis thatthedivergenceangleis considerablymorethanthatdueto
diffractionalone),"KineticCooling"(resultingin a temporaryfocusingeffectand
lessthandiffractionlimitedbeamspreading),and"Bleaching"(1-5Jlsecduration
pulsesmayundercertainconditionsaturatetheabsorptionmechanismandthereby
reducetheatmospherictransmittance).Also aerodynamiceffectsinfluencethe
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perfonnanceof theairbornesystems[13]. Theseeffectscanbegroupedin two
categories:
Aeromechanicaleffects,arisingfrominteractionsof theexternalflow field
withtheairborneplatfonn.Thisbasemotion,inconcertwithintrinsicplatfonn
sourcesofvibration(e.g.,engines,pumps,fluidflow,etc.),definestheoverall
mechanicaljitterenvironmentin whichthelasersystemmustoperate.Jitter
can resultin spuriouslaserbeammotionon target,as well as general
misalignmentofopticalelements.
Aero-Optical(AO) effects.Thesearecausedby refractionindexvariations
inducedbytheplatfonnmovingthroughtheflowfield. Thisresultsinreduced
far-fieldpeakintensityaswellasbeamspreadandwanderforoutgoingwave
fronts(forimagingsystems,theseseveraleffectsmanifestthemselvesa lossof
contrastandresolution).
A briefoutlineoftheseadditionalpropagationeffectsisgiveninAppendixC.
3.4 LaserScatteringandTargetCrossSection
Thescatteringandpropagationof laserlightobeythesamesetof lawsas
radiofrequencywaves,thatis, thosesetforthby Maxwell'sequationsandthe
boundaryconditions.However,thewavelengthof laserlightis sosmallthatminute
particlesandevenmoleculesrepresentsignificantscatterers.Targetsurfacesare
generallyveryroughatlaserwavelengthsand,consequently,therandomordiffuse
reflectioncomponentfrequentlydominates.In fact,theremaynotbeanysignificant
specularcomponenttothelasercrosssection,in manycases.Sometimes,however,
significantspecularreflectionsandretro-reflections(oppositioneffects)areobserved
fromcertaintargetsurfaces.Furthennore,in general,theoverallscatteringpattern
producedbyacertain(complex)targetilluminatedbya laserbeamshowsamarked
dependencyontheilluminationi cidenceangle.
Whenexaminingthediffusereflectioncomponent,themaximumamountofreflected
energyis reflected90°(nonnal)tothesurface- independentof theincomingbeam
angleofarrival,andtheenergyfallsoffasafunctionofthecosineoftheangleoffof
surfacenonnal.
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A surfacethatisaperfectdiffuserscattersincidentlightequallyinalldirections.For
suchan"ideal"surface,theintensity(W1m2)ofdiffuselyreflectedlightisgivenby:
Id =I;kd cos(}
with () E [0, ~]
(3.65)
whereIi is theintensityof thelightsourceatthetarget,()is theanglebetweenthe
surfacenormalanda line fromthesurfaceilluminatedpointto thelightsource
(consideredasa pointsource).Theconstantkdis thediffusereflectivity,which
dependsonthenatureofthematerialandthewavelengthoftheincidentlight.
Eq.(3.70)maybealsoexpressedinthevectorform:
Id=I;kd(i.il) (3.66)
wherei andil arethevectorsillustratedinFig.3-3.
N
~
L R
(Source direction)
v
Figure3-3.Reflectiongeometry.
As describedbefore,anyreflectionfromapracticalsurfaceshouldbeconsideredas
(atleast)thesumof aspecularcomponentanda diffusecomponent.Theexistence
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of thesetwocomponenthasbeenshownexperimentallyandis notaconsequenceof
choiceof a particularmodel.A surfaceattributethatis importanttomodelis the
surfaceroughness.A perfectlysmoothsurfacereflectsincidentradiationin asingle
direction.A roughsurfacetendsto scatterincidentradiationin everydirection,
althoughcertaindirectionsmaycontainmorereflectedenergythanothers.This
behaviouris obviouslyalsodependentonthewavelengthofradiation;asurfacethat
is smoothforcertainwavelengthsmayberoughforothers.Forexample,oxidisedor
unpolishedmetalis smoothforradiowaves(1=10-2m)androughforradiationinthe
near-infrared(NIR) partof thespectrum.In general,metalscanbe prevalently
diffuseor specularreflectorsin theNIR dependingonwhethertheyarepolishedor
not. So reflectionis notonlydependenton thematerialbutalsoon its surface
properties.Anotherfactorin reflectionin thegrazingangleof theincidentlaser
source.Thiscaninfactdeterminetheentityoftheoverallreflectedsignalandofthe
tworeflectioncomponents.
Therefore,a"realistic"reflectionmodelshouldatleastrepresentthetargetsurfaceas
somecombinationofaperfectdiffusereflectorandaperfectspecularsurface.One
of theearlierandstillquitepopularmodelsis thePhongmodel[14]. This model
can be usedfor fittingthe resultsof experimentalbi-directionalreflectivity
measurementsandfor computersimulationprograms(seeAppendixE). In the
Phongmodel,thebi-directionalspectralreflectivityisexpressedby:
p~=kdiff+ kspecosn ljJ (3.67)
wherekdiffis thefractionof energydiffuselyreflectedandkspecis the fraction
specularlyreflected.Themodelcanbegivenintermsof theunitvectorsassociated
withthegeometryof thepointunderconsideration(Fig.3-3). Therefore,for the
reflectedintensity,wemaywrite:
1= I;lkAcose)+ks(cosnljJ)J+A (3.68)
1=I;lkAL'N)+ks(R.vj J+A (3.69)
whereks is the specularreflectioncoefficient(a functionof the material
characteristicsandincidenceangle),n istheindexthatcontrolsthedimensionsofthe
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specularhighlight,andA isanadditionaltermaccountingforreflectionof sunlightat
thewavelengthconsidered( ay-timeoperations).Thiscanbealsomodelledas:
A =EA lkAcos li)+ ks(cosnq$')J (3.70)
whereEAisthesolarspectralirradianceatthewavelengthofthelaserA,and(J'is the
anglebetweenthesolarilluminationandthenormaltothetargetreflectingsurface.
Fig. 3-4showsthevariationin lightintensityata pointP ona surfacecalculated
usingeq.(3.69).Theintensityvariationis shownasaprofile(i.e.,afunctionof the
orientationof V). The intensityatP is givenby thelengthof V fromP to its
intersectionwiththeprofile.Thesemicircularpartof theprofileis thecontribution
fromthediffuseterm.Thespecularpartof theprofileis shownfordifferentvalues
oftheindexn.
N ."'!t
RL
p
Figure3-4. Intensityasa functionof Vorientation(withdifferentvaluesofn).
Notethat,in general,thehigheris thevalueofn,thetighteris thespecularhiglight.
Fig.3-5showstheresultingcombinationsofthetworeflectioncomponents,obtained
bykeepingfixedthevalueofn(e.g.,n=100)andvaryingtheangle(J,
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Figure 3-5.Reflectioncomponentswithvarious ()angles.
Fig. 3-6showsatypicalsurfacewhichcontainsbothspecularanddiffusereflections
witha 55%specularcomponentanda45%diffusecomponent(B= 50°,n = 100).
Figure 3-6. Specularand diffuse reflectioncomponents.
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In mostpracticalcaseswithLTD/LGW systems,thediffusecomponentaloneis
assumedwhendescribingtargetreflectivity,sincethediffusereflectioncomponentis
whattheweaponwill havethehighestprobabilityof trackingduringflight. Typical
diffusereflectivityvaluesatA =1.064fJ.marelistedin Table3-10. It is worthto
noticethatglass,waterandhighlypolishedsurfacesarepoorsurfacestodesignate
sincetheyreflectmostofthelaserenergybackalongonedirectiononly(i.e.theyare
specularreflectors).
Table3-10. ApproximatereflectivityatA =1.064pm.
Somefundamentalconceptsrelevantto thisresearch,relatedwithlaserscattering
andtargetcrosssectionmeasurementsandmodellingarepresentedinAppendixD.
3.5 LTD/LGW Operational Considerations
Global requirementsfor missionplanningwith a particularlaser
designationsystemmaybe initiallyestablishedby examiningtheLTD andLGW
operatingslantrangesrequiredto successfullyperformthemission(e.g.,optimal
deliveryof a particularlaserweapon).Theserangesmayvaryfroma fewhundred
feet for a grounddesignatorto over 100,000feet for operationaldelivery of a
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Material DiffuseReflectivity
MattBlackPaint 4 - 15%
DirtyOliveDrabPaint 5- 15%
Soil 15- 25%
Brick 15- 65%
Vegetation(glossyfoliage) 30- 70%
Asphalt 10- 25%
Concrete 10- 40%
IR ReflectingPaint 30- 55%
PavewayIII LGB. Thus,missionplanningwithaparticularLTD systemmusthave
anoperationalinputthatfactorsin theslant-rangesxpectedfor varioustypesof
deliverytactics.Missionplanningto determinetheoptimalweaponreleasepoint
involvesanumberof factors,includingthepost-released signationmanoeuvretobe
employed,themaximumslantrangeatweaponimpact,thetargetsize,lasersystem
errorbudget,laserpower,etc. Whatfollowsis a discussionof theprimaryfactors
necessaryfordeterminingtheoptimalreleaserange.
3.5.1 Target Size
Targetdimensionsarea criticalfactorin LTDILGW missionplanning.
Thesedimensions,alongwiththeslant-ranger quirementsmustthenbe factored
togetherwith the characteristicsof the designator. In addition,it mustbe
rememberedthatdesignationtacticswill generallyreducetheapparenttargetsizeby
varyingdegreesduetotheobliqueperspectivemostmanoeuvreswill generate.
As anexample,if aweaponcanachievea 10feetCircularErrorProbability(CEP),
thenit is appropriatehatthedesignatoraimingcapabilitymustequalorexceedthat
requirementi ordertomeetasuitableweaponimpactcriteriafortheweapon.As an
exampleproblem,ahardenedshelteraccesscover,roughly20feetin diameter,will
beusedasatarget.Thistargetdimensionequatestoa 10feetCEPwhere50percent
of ourhypotheticalweaponreleaseshouldfall onthetargetface.Thus,onemust
seeandidentifythis targetfromthedesiredvantagepointandalsobe ableto
maintainthelaserenergyonthetargetfromreleasetoimpact.Weaponsystemerror
sourceschallengethisabilitytokeepthespotonthetargetasdescribedbelow.
3.5.2 L TD Systems Error Sources and Effects
Errorsourcesuchaslaserspotspillover,boresighterrors,jitter,and
trackingerrors,causelargereductionsinLGW deliveryeffectiveness.Thefollowing
is adiscussionofthemostcommonerrorsourcesin laserdesignatorsystemsandthe
effectsofthese rrorsondesignationperformance.
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3.5.2.1 Laser Spot Spillover
Severalcharacteristicsofthelaserbeammustbetightlycontrolledif the
beamis tobemaintainedonthedesiredtargetsurface.First,thelaserbeamspot
shouldbesmallerthanthetargetface.As theLTD producesabeamthatdivergesas
it propagatesalongthepathbetweenthelaserandthetarget,beamspillovereffects
oftendegradeweaponaccuracybothwhendesignationis performedby a ground
LTD oranairborneLTD (seeFig.3-7).
Figure3-7.Laserspotspillover
Laserbeamdivergenceshouldthereforebe accounted,andappropriateterminal
slant-rangesandgrazingangleshouldbechosensuchthatthespotelongationwill
notcausespilloveraroundthetarget.
3.5.2.2 Laser Spot Jitter
Laserspotjitterisdefinedasthehighfrequencymotionofthelaserspot
on a pulse-to-pulsebasis,usuallyof low amplitude,andostensiblydueto minute
flexuresof theopticalbenchcausedby aircraftvibration.Theserapidangular
movementsofthebeamdegradeweaponaccuracyonlyslightlywhenthelaserbeam
is normalto thetargetface. However,atshallowgrazinganglesandlargeslant-
ranges,jittermaycauseeachspotto movehundredsof feetin relationto the
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aimpointandinrelationtothepreviouspotlocation.Inmanycases(e.g.,mostself-
designationLGB deliveries),thismovementis nearperpendicularto theweapon
flight pathand createfalse left-rightcommands.Therefore,as the weapon
manoeuvrestointerceptthemovingspot,thisfactormaycauserapiddepletionofthe
LGB availablenergyandmaycauselargemissdistancestobegenerated.
3.5.2.3 Laser Boresight Error
Laserboresighterroris definedas the misalignmentbetweenthe
locationof theaimingreticleandthelaserspotonthetarget.Thiserroris easyto
visualizeasa geometricprogressionof thebeamwanderingawayfromthesensor
sightlineastherangeincreases.Boresighterrorisnotonlyastaticerrorsourcebut
canbeadynamicerroraswell. Thesystemopticalbenchmaydistort,changingthe
designator/sensorb resightrelationas thesystemis slewedthroughits field of
regard. In addition,manoeuvring( forces)maycauseadditionalshiftsas the
structurebetweenthedesignatorandsensordeflectsunderload. In somecases,
particularlyatlongslantranges,boresighterrorcanplacethelaserspotoff thetarget,
resultingin aweaponmiss. If themagnitudeofboresighterroris known,however,
theaimpointcanbeshiftedtocompensate.
3.5.2.4 Laser Pointing Error
Laserpointingerroris definedastheinabilitytoplacethelaserspotat
theexactdesiredlocationonthetarget.This is usuallyobservedwhentryingto
designatea smalltargetfromlongranges,wherethereticlesizecanobscurethe
target.If thesensormagnificationof thetargetis insufficient,it is difficulttoknow
exactlywheretheaimingreticleis locatedonthetargetand,sometimes,it maybe
alsodifficultoknowif it isonthetargetatall.
3.5.2.5 Tracking Error
Trackingerroris a generictermthatencompassesotherformsof spot
movementfromthedesiredaimpoint. Wherejitteris a randommovementof the
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beamaroundacentralaxis,trackingerrormaybedescribedasundesiredmovement
ofthiscentralaxisaroundorawayfromtheaimpoint.Thismovementofthecentral
beamaxismayormaynotbevisibletotheoperatordependingonthemagnitudeof
theerrorandthequalityof thesensorpresentationtotheoperator.At longslant-
ranges,automatictrackingsystemscanexhibitbeamwanderthatoverwhelmsother
sourcesoferror.Thiswanderiscausedbymovementofthevideotrackingateson-
or-aboutheaimpointastheviewingaspectchanges.Thechangingaspector look
angleproduceschangesin theaimpointcontrastwithrespecto its background.
This,in turn,variesthelocationof thecontrastdriventracking atepositionwitha
consequentshiftin beamposition.Othercausesfor trackingerrormayincludeg
forces(mentionedearlier),transientanglerateerrorsdueto rapidbankangle
changes,ormomentaryerrorsduetoLOS masking.Motionofthelaserspotduring
thelastthreesecondspriorto impactmayinduceunnecessarycorrectionsto the
weaponflightandresultinamiss.
3.5.3 Podium Effect
For anLGB to guide,theseekermustbein a positionto receivethe
reflectedlaserenergy.Duringaself-designationattackagainstaverticaltarget,there
is a riskthatthelaserspotwill movearoundthetargetfacerelativeto theweapon
LOS, asthedesignatoraircraftfliestherecoverymanoeuvre,andthattheweapon
will notreceivethereflectedlaserenergyduringthefinalcriticalmomentsbefore
impact.Thisphenomena,knownasthe"podiumeffect",is particularlyapparent
whenthedesignatorto targetlineis significantlydifferento thatof theweapon's
flightpath. To avoidthepodiumeffect,thedesignatingaircraftshouldmaneuver
suchthatthetargetfaceis alwaysin frontof theaircraftandthattheappropriate
terminalslantrange/angleoccursatweaponimpact.Thisproblemcanoftenbe
eliminatedbylasingontopofahorizontaltarget.
3.5.4 Beam Divergence and Reflected Power
Anothereffectof beamdivergenceis to reducethemaximumreflected
poweravailableto theweaponas thebeamstrikesthetargetoff-axis. Fig. 3-8
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illustratesthelaserspotshapeandintensityversusvariousdesignationanglesof
incidence. The calculationsassumea 100%diffusesurface,no atmospheric
attenuation,andanilluminatingbeamwithaGaussiandistribution.
86.6%Peak Intensity
30° Incidence
60° Incidence
70° Incidence
Figure 3-8. Laser spot intensityvs. angleof incidence.
3.5.5 Sensor Resolution
The sizeof thetargetmustalsobe factoredagainsthe resolution
abilitiesof thesensorelement(FUR and/orTV) todeterminethemaximumusable
deliveryslantrange.Thiswill ensurethattheoperatorwill beableto resolvethe
targetata rangethatis in excessof themaximumrangecapabilityof theweapon.
Thisexcessorredundantrangerequirementis necessarytoproperlydetectandthen
identifythetargetpriortoweaponrelease.Thistargetdetectionandidentification
requirementpriortoreleasehasbecomeofalmostparamountimportancein punitive
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or otherhighvisibilityactionswheretheblindlaunchesrequiredbyotherweapon
systemspreventtheiruse.
As mentionedearlier,themaximumslant-rangefromwhichadesignatoris intended
to be operatedmustbedeterminedaspartof themissionplanningprocessas a
functionof targetsize,lasersystemerrorbudget,andlaserpower. In addition,an
attemptshouldbemadeto determinewhatadditionalrangeshouldbeselectedin
orderforthetargetobeproperlyidentifiedpriortoweaponrelease.Thisrequires
anestimateof thetimerequiredto firstdetecthetargetonthesensorsetandthen
addthetimerequiredto fullyresolvethetargetforapositiveidentification.With
currentTV/FLIR technologiesandgoodinitialcueing,it is usuallyestimatedthatat
leasttensecondsarerequiredto detecthetarget.Furtherfiveto tensecondsare
thenrequiredtoproperlyidentifythetargetitself.
3.5.6 Airborne LTD/LGB Mission Geometry
LetusconsideragaintheLTD/LGWattackgeometryalreadydescribed
in Fig.3-1. Withreferencetothisgeometry,themaximumrangeperformanceofan
LTD/LGB combinationcanbeestimatedusingtheeq.(3.21),whichwewriteagain:
M'DED- 4PTUAcosetcose cosr T- r Ratm
ff2( DL +aTRTl RR2
(3.71)
Conveniently, in eq. (3.71), we have replacedthe term e-[O-w(aHRRT+PHRRR)](i.e., two-
ways atmospheric transmittance)with the symbol Tatm,and the returned energy
density(I) withtheMinimumDetectableEnergyDensity(MDED) of theLGB
seeker-headunit.
Therearethreecosinefactorsin eq.(3.71).Theyarerelatedtotheassumptionof a
Lambertianreflection(i.e.,diffusereflectionofthelasersignalincidentonthetarget
surface).It is important,in orderto determinetheperformanceof anLTD/LGW
combinationduringanattack,totakeintoaccountthevariationsoftheangleset, er
andYr. Ontheotherhand,in ordertocalculatethemaximumrangeforaneffective
illuminationin theworstgeometriccase,it is importanttodeterminethemaximum
valuesassumedbytheseanglesduringtheattack.Moreover,formissionplanning
purposes,it is usefultoexpresstheangleset, erandrrasfunctionsofotherphysical
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orgeometricalparametersthatareknownpriorthemission(e.g.,seekerFOV, target
inclination,etc.).Usingeq.(3.76),themaximumtheoreticalvalueoftheangleYrcan
be determinedas a functionof theseekerMinimumDetectableEnergyDensity
(MDED). However,we mustconsiderthattheseekerof theLOW mustalways
intercepta portionof thereflectedsignalsufficiento producea responseof the
detectorin orderto guidetheweaponagainstthetarget.In otherwords,theangle
Yr(MDED)shouldalwaysbegreaterthantheFOV oftheseeker(Fig.3-9).
I FOV I
I y,(MDED) I
Figure 3-9. LGB-targetgeometry.
ConsideringthegeometryoftypicalgroundattackmissionswithLOB,theangleset
(anglebetweentheLOS transmitter-targetandthenormaltothetargetsurface)and
er(anglebetweentheLOS receiver-targetandthenormaltothetargetsurface),can
be expressedas functionof othergeometricparametersand their maximum
theoreticalvalues(correspondingtotheminimumrelativerangeperformance)canbe
determined.WithreferencetoFig.3-2,theanglesetandercanbeexpressedas:
7r
et=i +rpt -"2 (3.72)
7r .
e =--l-rprr 2 (3.73)
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wherei is thetargetinclination,CfJtis theanglebetweenthetransmittedbeamaxis
andthehorizonandCfJr is theanglebetweentheLGW-targetLOS andthehorizon
(CfJr= CfJI- el- er). Knowinged,a andy,it ispossibletodeterminethevalueofthe
angleBtduringtheattack,solvingtheequation:
7re =i+e- y+a--
1 d 2
(3.74)
Moredifficultis thedeterminationf er,sincetheangleCfJrcannotbedetermined
withoutknowingcontinuouslythepositionassumedbythelineof sightLGW-target
(i.e.,theguidancealgorithmsandcorrectedballisticsof theLGW). However,
knowingtheangle&at thebeginningof thedesignation(fromtheballisticsof the
unguidedweapon)andtakingYrequivalentotheseekerFOV, wehavethat:
CfJr =&IYr(MAX) =&IFOV (3.75)
Sinceit is reasonabletoassumethat,afterthedesignationis initiated,theangleYr
will bekeptaslowaspossiblebyaPG-LGW,wecanassumethatCfJr~Einthiscase.
Therefore,theapproximatevalueof theangleerduringanattackwithPG-LGB and
BTB-LGB, canbedeterminedsolvingtheequations:
er=900-i -&+FOV
for PG-LGW
for BTB-LGW
(3.76)
(3.77)
e =90°- i - &r
For thepurposeof determiningthemaximumvaluesthattheanglesetander can
reachduringanattack,whichdeterminetheabsoluteminimumperformanceof a
particularLTD/LGB combination(worstcase),it is meaningfultotakeintoaccount
thetacticsof typicalself-designationattacksillustratedin Fig. 3-10. Sincethe
designationis initiatedinthefinalportionof thebombtrajectory(i.e.,withanLTD-
targetrangetypicallybetween1.2and2.0timesthereleaserange),it is generally
performedata considerablerangefromthetarget.Thismeansthat,normally,the
anglesetandernevereachvaluescloseto90°duringanattack,evenin theworst
casewheni =90°. Ontheotherhand,in thecaseof horizontaltarget(i =0°),the
caseswhereBtanderarecloseto90°areof littlepracticalinterest.
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Figure 3-10. LTD/LGB mission horizontalprofiles (self-designation).
LookingatFig.3-12,it appearsevidenthattheangleBtis smallerthani wheni>
45°,whileit is generallysmallerthanthecomplementaryof i wheni <45°. Similar
considerationsapplyto Br. Therefore,with theseassumptions,theworstcase
conditionsfore,andBrarethefollowing:
{
lr.
B((MAX)="2-1
1r .---1
Br(MAX) - 2
for i <45°.,
{
B((MAX) :~
Br(MAX) - 1
for i ~45° (3.78)
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3.5.7 LTDSystemErrorBudget
As anexample,weconsideraLGB whichcanachievea 10feetCircular
ErrorProbability(CEP). In thiscase,it is appropriatehatthedesignatoraiming
capabilitymustequalorexceedthatrequirementi ordertomeetasuitableweapon
impactcriteria.If a hardenedshelteraccesscover,roughly20feetin diameter,is
consideredasatargetinourexample,thistargetdimensionequatestoa 10feetCEP
where50% ofourhypotheticalweaponreleasesshouldfallonthetargetface.Using
Tactic2 shownin Fig.3-10againstaverticaltarget,andchoosingadesiredrelease
range(RR)of 35,000feet,it is necessarythatourdesignatormustbecapableof
keepingitsbeamona 20feetdiametertargetata TerminalSlantRange(TSR)of
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70,000feet.ThisequatestoatotalallowableMaximumErrorBudget(EBmax)of285
Jlrad(20ft/70Kft).Wealsoassumethatthetargetis designatedatthecorresponding
terminaldesignationangle(P) of60°off of thelinenormaltothetargetface.This
60°offsetreducesthegrosserrorbudgettoapproximately143wad(EBmaxx cos600).
Thismeansthatall pointingandbeamdivergencerrorsources,whenaddedin a
worstcasefashion,mustfallwithina conethatsubtends143Jlradif 50%of our
hypotheticalweaponsaretohitthe20feetargetmentionedabove.
In thelightof theaboveconsiderations,themaximumallowablerrorbudgetcanbe
expressedas:
EB - Ts.cos'¥max- TSR
(3.79)
whereTsis thetargetsizeandTSRis theTerminalSlantRange.UsingTactic2 in
Fig.3-10,theterminalslantrangecanbeexpressedas:
TSR=~
cos'¥ (3.80)
3.5.8 ReleaseRange
Givenafixederrorbudgetandknowndesignationtactic(e.g.,Tactic2),
wecansolvefortheoptimalreleaserange:
RR =TgtSize.(cosaY
EBmax
(3.81)
Usingforexamplea"worstcase"errorbudgetof 208Jlrad(givenbythesumof all
pointingerrorcontributions),theoptimalreleaserangeagainsta20feettargetwitha
60°terminaldesignationangleis approximately24Kft(i.e.,not35Kftasoriginally
desired).Thisexampledemonstrateshat,inmostcaseswithLGW,theengagement
scenariois usuallylimitedby designatorand/orsensorcapability,andnotby the
standoffcapabilityof theweaponitself,particularlyatextremeslantrangesand/or
lowgrazeangles.
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3.5.9 Maximum Egress Range
DuetothetrackingerroroftheLTD systemdescribedabove,a600kts
ingresswouldrequireapproximately15to20thousandfeetof additionalrangeover
thatof thedesiredreleaserange.In otherwords,a 600KTAS ingresstoa 35,000
footreleasepointwouldrequirea detectionrangeof over50,000to 55,000feet.
However,bothdesignationandsensorcapabilitieshouldbe gearedtowardthe
egressideofthepicture.
Duringegress,thedesignatoraircraftwoulddesirablyturntoaheadingthatprovides
maximumstandoffandyetprovidea flightpaththatwill staywithindesignator
constraintsup untilweaponimpact. With referenceto Fig. 3-10(showingtwo
possibletacticsthatmightbeused),Tactic1isprobablythemostdesirablein terms
of standoff,however,it requiresadesignatorwithfullhemisphericcoveragebelow
theaircraftfor highaltitudedeliveryor full coverageabovetheaircraftfor low
altitudedeliveries.Tactic2 showsaprobabletacticthatcouldbeusedwhenarear
gimballimithasbeenplacedontheLTD aimingsystem.Whilestandoffisprobably
acceptable,amajorconstraintthenbecomesthelookangleata verticaltargetface
fromtheLTD perspective("PodiumEffect").As thedesignatorproceedsoutbound
afterweaponrelease,theperceivedhorizontaldimensionof thetargetdecreasesby
up to 50percent(foranoptimumattackheading).Wheretheattackheadingis
constrainedandanoptimumattacksolutionis notavailable,theoff axisperspective
mayreduceonetargetdimensionbyanother20%.
Ordinarily,asinbothoftheabovecases,therangeattaineduringegressisnormally
greaterthantheingressrangerequiredfordetection.ForpresentLGB weapons,the
rangeduringegressatweaponimpactimetypicallyvariesfromapproximately1.2
to2.0timesthereleaserange.Thisratioshiftstowards2.0asstandoffis increased
towardsmaximumrange. For theexamplegivenearlier,thedesignatoraircraft
wouldbeataslantrangeofbetween42,000and70,000feetatweaponimpact.
3.5.10 Masking
Anotherimportantproblemwithairbornelasersystemsi "masking"of
the equipmentfield of regardcausedby the aircraftstructureandloads(e.g.,
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weapons,externaltanks,etc.). Althoughmaskingcanbereduced/eliminatedby a
carefulaircraft/systemdesignin thecaseof embeddedsystems,thisis generallya
very importantconstraintfor operationswith poddedsystems(e.g.,the CLDP
integratedontheItalianTORNADO-IDS).A usefulwayof characterisingsystems
maskingcharacteristicsis theso called"MaskingMatrix". This is a Cartesian
coordinatesysteminwhich(mostconveniently)azimuthandelevationareplottedfor
theequivalentFOV of thesystem.This is givenby intersectionof thesystem
"visibilitymatrix"andthe"aircraftmatrix"(e.g.,anaircraft/loadsCAD model).
For theairborneLTD systemin servicewiththeItalianAir Force(CLDP), the
systemmaskingis essentiallygivenbyabackwardconewithanapertureof 30°and
20°,fortheIR andtheTV frontsectionsrespectively(Fig.3-12).
DuringtheCLDP integrationonTORNADO-lDS,analysiswasrequiredin orderto
fully characterisethemaskingphenomenonandobtaintherelatedmathematical
modeltobeusedbytheaircraftMC forCLDP inhibitionduringimpingement.
,
Figure 3-12. CLDP FOV limitations(TV and IR).
TheinitialTORNADO-IDSmaskingmodel(developedbyALENIA) wasobtained
througha computerCAD simulation,thatconsistedin definingtheaircraftshape
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withdifferentexternalstoresconfigurations.As aresultof theanalysis/simulation,
theproposedmaskingfunctionlogicwasdefined(Fig.3-13).
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Figure 3-13. CLDP maskingselectionlogic.
Particularly,theaircraft"maskingfunction"wasconceivedin ordertomanagethe
basicreal GBU-16 andGBU-24 StoresConfigurations("worstcase"masking
profile)andtheirderivedsub-configurations(i.e.,semi-cleanandclean),providing
appropriateaural/visualwarningto thepilotlWSOandinhibitioncommandsto the
CLDP laserin caseof LOS impingementwithaircraftandstores.Furthermore,a
"pre-masking"functionwasimplementedin ordertoprovideaural/visualdviseto
thepilotlWSOincaseofapproximationtothemaskingconditions.
The validityof the solutionsdevelopedfor masking/attackprofilesandLaser
illuminationphase,was verifiedthroughsimulationandflighttestsGointlyby
ALENIA andtheItalianAir Force).Thedevelopedsimulationtool,fittedwiththe
suitableproblemorientedroutines,allowedtheexplorationof thesystembehaviour
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undertheinfluenceof a largenumberof parameters.Particularly,simulationwas
used to monitoringthe LOS components(Azimuthand Elevation)in an
Hammer/Aitoffdiagramwheremaskandpre-maskconditionswereplotted.
Thetrajectoryof theLOS, markedin timebetweenthebombreleaseandimpact,
gaveanimmediateunderstandingaboutheeffectof theaircraftmanoeuvreonthe
LOS pointingdirection.By varyingtheaircraftmanoeuvreparameters(i.e.,turning
direction,turningloadfactor,rollrate,andegressheading),theLOS trajectorygave
anindicationonthecriticalconditionsthatcouldarisewiththechosenparameters.
Thebasicsoftwaretoolwascomposedbyanaircraftmathematicaldynamicsmodel,
basedon theclassicalequationset,usedin conjunctionwitha simplifiedaircraft
databankcontainingthemainTORNADO-IDScharacteristics.Theaircraftmodel
wasprovidedwithasimplifiedautopilotabletomaintainflightpathparameters(i.e.,
height,velocityandheading)aimedatperformingautomaticattackmanoeuvres
(e.g.,turns,climbs,dives),usedduringtheevaluationphase.
Furthermore,a simplifiedprogramthatsimulatedtheLGB ballistictrajectorywas
used.Thiscoderunasastandalonetaskandwasusedtocomputein advancerange
andtimeof flightof thebombforthechosenreleaseconditions.Thesedatawere
thenloadedinto the simulatormemoryto commandthepostweapondelivery
manoeuvre.
FlighttestactivitiesperformedbyALENIA andtheItalianAir ForceOfficialFlight
TestCentre(RSV), permittedto finallytuneandvalidatethemaskingandpre-
maskingalgorithms[15]. Particularly,testswereconductedin selectedportionsof
theoperationalflightenvelopes,representativeofrealLTD/LGBattackmissionsand
oftheboundaryconditionsforactivationofthemaskingandpre-maskingfunctions.
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modificationisnecessaryandtheseweaponsmaybecarried(uponcertification)byany
aircraftcapableofcarryingtheparentunguidedwarheads.
DifferentlyfromPAYEWAY 11,theGBU-24isa"ProportionalGuidance"LGB,which
continuouslytrackthemaximumofthetargetreflectedlaserenergyanddirectstowardit
byactuatingitsaerodynamicsurfaces,givingcommandsproportionaltothemeasured
offset.Thebombhasfourdifferentoperationalmodes,selectableonthegroundprior
mission,dependingonthetargetcharacteristics(i.e.,hardorsoft)andthedesiredbomb
impactangle.Foreachmodeof operation,theGBU-24computerunitautomatically
selectsasuitableflightprofile(fromanumberofpre-setprofiletypes)dependingonthe
releaseconditions.
2.3.5 LIZARD LGB Description
The LIZARD LaserGuidedBomb,developedby ELBIT SystemsLtd
(Israel),consistsof a standardMK-82(500lbs)warheadattachedto a Proportional
GuidanceSystem(PGS)atthefrontendandaFoldingTailAssembly(FTA) attherear.
TheLIZARDgeneralviewanditsassemblies/subassembliesareshowninFig.2-10[6].
b b
1
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/
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11
Assembly/Subassembly
11 GuidanceAssembly 2 PAS Canards
1 LaserSeekerUnitSubassembly 6 ThermalBatteryUnit
7 ForwardAdapterAssembly10 Aero StabilizerSubassembly
3 InterfaceQuit 9 FoldingTailAssembly
4 Power DistributionUnit 8 MK-82 Bomb
5 PneumaticActuationSystem
Fig. 2-10.LIZARDLGB configuration.
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ThePGS comprisesa LaserSeekerUnit (LSU) whichdetectsreflectedlaserenergy
(codedsequencesof laserpulses)fromthedesignatedtargetandproducesguidance
commandstothePneumaticActuationSystem(PAS),accordingtothetargetposition.
ThePAS guidestheLIZARD bycontrollingtheguidancefinstohomeonthetarget.
TheFTA isusedtostabilizetheLIZARDafterlaunchingandtoprovidetheliftrequired
for manoeuvrability.Thesystemalsoincludesprovisionsfor a GPS add-onkit (to
enhanceguidanceaccuracy).
TheLIZARDsequenceofoperationisshowninFig.2-11.
~
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OperationalSoftwarereadin
Ballistic
Phase
~
\
~
Homing
Phase
Fig. 2-11. LIZARDsequenceof operation.
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Afterlaunching,theLIZARD operatesin twosequentialtrajectoryphasesuntilit hits
thetarget:aBallisticPhaseandaHomingPhase(TerminalGuidancePhase).During
theBallisticPhase,thebombfollowsin a ballistictrajectorytowardsthetarget.The
startrangetotargetatacquisitionis dependentonlaserlightreflectedfromthetarget
andtransmittedthroughtheatmosphere.At arangegenerallyvaryingbetween2000and
5000metrestheLSD detectsthelaserspotgeneratedbythelaserdesignator.Thefirst
few secondsof this phaseare usedto stabilizeall the electronicsand zero
aeromechanicaltransientsin thesystem.Oncetheweaponis fully operational,it
searchesforthetargetuntilit is detectedandtheacquisitioncriteriais accomplished.
TheBallisticPhase ndswiththeactualtargetacquisition.Aftertargetacquisition,the
bombguidesitselftowardsthetargetusingtrackingalgorithmsforflightcontrol.The
bombsteersitswaytowardsthetargetusingthemovableguidancefinsdeflectedbythe
PneumaticActuationSystem(PAS),commandedbytheLSD (i.e.,theLSD generates
steeringcommandsproportionaltothelocationofthetargetintheFOVoftheseeker).
Duringtheyear2003theLIZARD LGB wassuccessfullytestedandintegratedonthe
AM-X groundattackaircraftin servicewiththeItalianAir Forceandfurthertest
activitieswill beconductedin the2004-2005timeframefor integratingtheLIZARD
LGB ontheItalianTORNADOaircraft.
2.4 Laser Radar Systems
ThetermradaroriginateduringWorldWar11asanacronymfor radio
detectionandranging.At that ime,it referredtothetechniqueofmonitoringreflected,
radiofrequency,electromagneticradiationtolocateremoteobjects.Sincethat ime,the
basicradartechniquehasbeenappliedtoprogressivelyshorter(andin somecases,
longer)wavelengthssothathetermradarnolongerappliesonlytosystemsthatoperate
atradiofrequencies.Laseradarissimplyradarthatoperatesatopticalfrequenciesand
usesalaserasitssourceofelectromagneticradiation.
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LaserradarsarecommonlyreferredtoasLADAR forlaseradarorasLIDAR forlight
detectionandranging.Rangingis accomplishedbymeasuringthetimedelayto and
fromthetarget.Angularinformationis obtainedfromthebeam-pointingdirection.
Laserradarsarecapableof extremelyaccurateangularmeasurementbecauseof the
smallbeamdiametersof lasers(ontransmit)andnarrowfieldsofview(onreceive).On
thenegativeside,thedetectionandtrackingrangesaremuchshorterthanmicrowave
radarbecauseof lowertransmitterpowerandhigheratmosphericattenuation.
LADAR's usuallyoperateata wavelengthof 10.6-f.!min thefar infraredandat a
wavelengthof 1.064-f.!minthenearinfrared.TheformeruseCO2lasersandthelatter
Nd:YAG crystalasers,withtypicalefficienciesof 10%and3%,respectively.Other
availabletechnologiesinclude1.5f.!m"Eye-safe"Erbiumdopedfibre(Er:fibre)laser
andRaman-shiftedN :YAG lasers.PossibleairborneLADAR applicationsincludethe
following:
Aircraftguidance(obstacleavoidanceandterrainfollowing);
Tacticalimagingsystems( urveillanceandreconnaissance);
Windvelocitymeasurement(clearairturbulenceandseverestormsensors).
Thevarioustypesof Laseradarsandsometypicalairborneapplicationsaredescribed
inAppendixA. Inthefollowingparagraphs,afterabriefintroductiontoLaserObstacle
WarningSystems(OWS's),a technicaldescriptionof theLaserObstacleAvoidance
System(LOAS),developedbyMarconi-SeleniaCommunicationsS.p.A.fortheItalian
MilitaryForcesandtestedbytheAir ForceFlightTestCentre(RSV),ispresented.
2.5 Laser Obstacle Warning Systems
The first laserexperimentdirectedtowardsa laserobstacledetectionand
avoidancesystemstartedin 1965withaNd:YAG laser[7]. This systemdemonstrated
thefeasibilityof usinglaserstodetectobstaclesuchaswires.
Semiconductorlasers,suchasGaAsandGaAIAshavebeenexperimentedsince1966.
Theselasersradiateinthewavelengthregionof0.84to0.9f.!m.Theexperiencegained
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withthese xperimentalsystemspointedoutmanyfeaturesthatwerethenincorporated
intosuccessiver search.In the70'sand80's,duetoeye-safetyandadverseweather
(fog) propagationconcerns,furtherdevelopmentwith Nd:YAG andthe various
semiconductorlaserswassubstantiallyreduced,in favourof CO2lasers.Oneof the
firstheterodyned tectionCO2systemswastheLOWTAS,developedbyUTRC. More
recentdevelopmentsincludeCLARA, the Anglo-Frenchcompactlaser radar
demonstratorp ogram[8];HIWA, a Germansystembuiltandtestedby Eltroand
Dornier[9];andOASYS,developedintheU.S.byNorthrop[10].
Currently,researchis concentratingon 1.54-1.55~m(Raman-shiftedN :YAG and
Er:fibre)solidstatelasers.One1.55~msystemiscurrentlybeingdevelopedinItalyby
Marconi-SeleniaCommunicationsS.p.A.andtestedby RSV. Theequipment,here
namedLOAS (LaserObstacleAvoidanceSystem),is a "navigationaidsystem"for
rotarywingplatformspecificallydesignedto detectpotentiallydangerousobstacles
placedin or nearbytheflighttrajectoryandto warnthecrewin a timesuitableto
implementeffectiveavoidingmanoeuvres.Thefirstairborneprototypeof theLOAS
systemwasassembledbyMarconiduringthisresearch.Extensivelaboratoryandfield
testswerethenperformedby RSV onthevariousLOAS systemsub-units,andthe
overallsystemwasalsotestedatthePILASTERrangebothonthegroundandinflight
(between2001and2003).In thefollowingparagraphs,abrieftechnicaldescriptionof
theLOASsystemisgiven.
2.5.1 LOAS Development in Italy
TheLOAS systemiscapableof detectingobstaclesplacedinornearbythe
helicoptertrajectory,classifying/prioritisingthe detectedobstacles,andproviding
obstaclewarnings(bothauralandvisual)andinformationtothecrew[11].
Thesystemlaserbeamscansperiodicallytheareaaroundtheflighttrajectoryinsidea
FOVof40°inazimuthand30°(nowbeingextendedto40°)inelevation,andcentredon
theopticalaxisofthesystem(seeFig.2-12).
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Figure2-12.LOAS horizontalandverticalFOV.
Furthermore,theLOAS allowstheoperatortoselectheazimuthorientationof theFOV
amongthreepossibledirections(seeFig. 2-13),sothattherelevantopticalaxiswill be
orientedeitherin thesamedirectionoftheplatform"heading"(normalflightenvelope),
or 20° left/rightwith respecto theplatform"heading"(to optimisecoverageduring
turningmanoeuvresathighangularspeed).
Figure2-13.LOAS FOV orientation.
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Duringeveryscanperiod,thelaserbeamchangesits orientationproducinga scanned
ellipticalpatternacrosstheFOV withthecharacteristicsshowninFig.2-14.
Figure2-14.LOAS scan pattern.
After variousexperimentsperformedwithdifferentpatterns,thescannedelliptical
patternwasselected.Themainadvantagesofthescannedellipticalpatternare:
it is wellsuitedtodetectionof themostdangerousobstacles,likewires,duetothe
severalandequallyspacedverticallines;
it holdsan intrinsicallyhighcapabilityto maintainthedetectedobstacleshape
unaffectedby thehelicoptermotionduringtheframeacquisition,providingthe
possibilityofreconstructingtheobstacleshapewithoutusingnavigationdata;
it canbeobtainedwithveryreliablescanningmechanismswithreducedweight.
TheLOAS systemperformsechodetectionthroughananalogueprocesscomprisingan
optical-electricalconversion,a signalpre-amplificationa da thresholdcomparison.
Signalpre-amplificationis achievedby an automaticontrolledgainamplifierto
increasethesystemsensitivityastheelapsedtimefromthelaseremissionincreasesin
orderto adjustthesensitivityon thebasisof theexpectedreturnsignalpowerin
2-25
connectionwiththeobstaclerange.Furthermore,anadjustablethresholdlevelis also
providedto takeintoaccountthebackgroundconditions.Thesefeaturesreducethe
probabilityof falseechodetectiondueto theatmosphericback-scatternearthelaser
beamoutputandoptimisethe systemsensitivityin variousoperationalweather
conditions.
TheLOASsystemperformsechoanalysisinordertodeterminethepresenceofpossible
obstaclesandto determinetheirgeometricalcharacteristicsandposition. For this
purpose,theLOAS operatesthroughtwosequentialnalysisprocesses:localanalysis
andglobalanalysis.The"localanalysis"processis performedonthesingleechoesin
ordertodeterminerange,angularcoordinatesandcharacteristicsoftheobstacleportion
generatingthem.The"globalanalysis"processmanagesgroupsof echoes,detected
duringa scanperiod,withtherelatedinformationprovidedby the"localanalysis"
process,inordertoperformtheobstacledetectionasawholeanddeterminetherelated
obstacleshapeandtype.
TheLOAS is capableof automaticallyclassifyingobstaclesaccordingtothefollowing
classes:
Wire. Thisclassgroupsall thinobstacleslikewiresandcables(e.g.,telephone
cables,electricalcablesandcableways).
TreeIPole.Thisclassgroupsverticalobstaclesof largeverticalandsmallhorizontal
dimensionssuchas,forexample,trees,polesandpylons.
Structure.This classgroupsextendedobstaclessuchas,for example,bridges,
buildingsandhills.
Furthermore,the LOAS systemperformsautomaticprioritisationof the detected
obstaclesaccordingto therelevantrangedataandassociatedrisk levels(takinginto
accounttheobstacletype/shapeandhelicopterflightdynamics),andprovidesthecrew
withtimelywarningsandinformationonthedetectedobstaclesin orderto allowthe
implementationofeffectiveavoidancemanoeuvres.Forthispurpose,theLOASsystem
candeliverbothvisualandaudiowarnings.
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TheLOAS informationrelativetothedetectedobstaclesareprovidedona dedicated
display(NVG compatible),whosescreenrepresentsheFOV of thesystem.The
detectedobstaclescanbedisplayedinasyntheticformthroughthreedifferentsymbols
whichrepresentthethreedifferentclassesof targets(i.e.,wire,tree/pole,structure)of
thedetectedobjects.Both3-Danda2-Drepresentationsarepossible,togetherwithan
altimetricprofileformat.Anexampleofa3-DLOASdisplayformatisshowninFig.2-
15. TheLOAS 2-Dandaltimetricdisplayformatsareshownin Fig.2-16.The"Safe
Line" in Fig. 2-16representshelineabovewhichflyingis consideredsafe(i.e.,
obstaclescleared).Furthermore,thefollowinginformationcanbedisplayednearbythe
obstaclesymbols:
obstaclerange;
highestprioritymark,whichindicatesthemostdangerousobstacles.
Figure2-15.LOAS 3-DDisplayFormat.
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Figure 2-16. LOAS 2-Dandaltimetricdisplay format.
Themainelectronicscomponentsof theLOAS systemarethefollowing:
SensorHeadUnit(SHU);
Electronic-ProcessingU it(EPU);
ControlPanel;
DisplayUnit.
ThegeneralrchitectureoftheLOASsystemisshowninFig.2-17.
PROCESSINGUNIT
LASEREMISSION
ECHOESDETECTION
POWER SUPPLY SENSORHEAD UNIT
POWER SUPPLJ'
INHIBIT
HEAD PHONES
CONTROL WARNING SYSTEM
RS-422
MIL-STD-1553B
CONTROL
UNIT
DISPLAY
UNIT
POWER SUPPLY
Figure 2-17. LOAS architecture.
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In thefollowingsub-paragraphsa briefdescriptionof theLOAS SHU is given,together
withanoutlineof themainEPU functions.
2.5.1.1 LOAS Sensor Head Unit
TheLOAS SHUperformsthefollowingmainfunctions:
itgeneratesalaserbeamandscanthearea roundtheflighttrajectory;
itdetectsreturnechoes;
it analysesdetectedechoesin orderto computeranges,coordinatesandlocal
geometricalcharacteristics(attributes)oftheobstaclestheycomefrom;
it providesechoesdatatotheLOAS EPU, ortootheronboardsystems.
As illustratedabove,theSHUscansalaserbeamintheareaaroundtheflighttrajectory,
performsechodetectionthroughananalogueprocesscomprisinganoptical-electrical
conversion(bymeansofanavalanchephotodiode-APD),a signalpre-amplification
andathresholdcomparison(adjustablethreshold).
The SHU performsechoanalysisin orderto computerange,coordinates(azimuth,
elevationwith respectto the LOAS referenceframe)and local geometrical
characteristics(attributes)oftheobstaclestheycomefrom.Forthispurpose:
the echoangularcoordinatesare determinedon the groundsof the scanner
orientation;
theechorangeis calculatedcomputingthe"two-way"travellingtimeof thescan
laserpulse;
thegeometricalcharacteristicsof theechoaredeterminedwitha local"geometrical"
analysisof nearbyechoesalongthe scannerpatternand on the groundof the
"absolute"powereturned.
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TheLOAS SHU providestheechoesranges,coordinatesandattributesto theLOAS
EPU, or to otheron boardsystems,via a RS-422high speedserialdatalink.
FurthermoretheSHUhasthefollowinginterfaces:
oneRS-232serialinktothePUforcontrolsandBIT activation;
oneRS-232serialinkforoff-linetestpurpose;
onediscreteinputsignaltoinhibitlaseremission;
onediscreteinputsignaltoswitchon/switchofftheunit.
Accordingthearchitectureschemereportedin Fig. 2-18,theSHU comprisesthe
followingsub-units:
WindowAssembly;
ScannerAssembly;
TX!RXOpticsAssembly;
LaserAssembly;
DetectorAssembly;
ElectronicAssembly;
PowerSupplyAssembly;
GyroAssembly;
Chassis.
The WindowAssemblyallowsthetransmissionandthereceptionof the laserbeam
acrosstheSHU chassis.TheWindowAssemblyis madewitha sliceof syntheticfused
silicaofdimensions240x 144mmandthicknessof 10mm.
The ScannerAssemblyintegratestheH/W resourcesnecessaryto scanthelaserbeam,
andthevirtualinputpupilof thedetector,throughouttheoverallFOV. It alsoallows
Lineof Sight(LOS) orientation.Forthispurpose,theScannerAssemblycomprises:
aswashmirrormountedonanazimuthturret;
anelectricalmotortoallowtheswashmirrormotion;
anelectricalmotortoallowtheazimuthturretmotion.
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Figure 2-18. LOAS SHU architecture.
TheLOAS swashingmirroris shownin Fig.2-19.
~~/
1
2
swashingmirror
swashingmountingframe
Figure2-19.LOAS swashingmirror.
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Theswashmirrorrotatesata constantspeedarounditsaxisreflectingthelaserbeam
suchthatit drawsanellipsein space.Theturretperiodicallysweepsin azimuththe
FOV. Thecompositionofthesetwomovementsallowstoproducetherequiredscanned
ellipticalpatternpreviouslydescribed.ChangeinLOSorientationisachievedoffsetting
thecentralpositionoftheperiodicalsweepoftheturretbyanangularvalueequaltothe
requiredchange.
AccordingtotheSHU architectureshownin Fig.2-18,theTXIRX OpticsAssembly
integratestheopticalcomponentsnecessary:
intransmission:
tocollectviafiberopticsthelaseroutputpowerfromtheLaserAssembly;
togeneratehescanlaserbeamwiththerequiredopticaldivergenceanddimensions;
toprojectingthescanlaserbeamontheswashingmirroroftheScannerAssembly;
inreception:
to collectheechoreturnpowerreflectedbytheswashingmirrorof theScanner
Assembly;
tofocalisethecollectedpoweronthephotodiodeoftheDetectorAssembly.
Forthispurpose,theTXIRX OpticsAssemblycomprises:
fortransmission:
a beam expanderthat collectsthe laser outputpower via optics fibre and
expands/parallelisesit;
a prismthatallowsto reflectthegeneratedbeamontotheswashingmirrorwiththe
duealignment;
forreception:
a telescopethatcollectsthereturnedechopowerandfocalisesit onthephotodiode
oftheDetectorAssembly.
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TheLOASTX/RXOpticsAssemblyandDetectorAssemblyareshowninFig.2-20.
1.
2.
3.
4.
Telescope
BeamExpander
Prism
DetectorAssembly
Figure2-20. LOAS TX/RXopticsassemblyanddetectorassembly.
TheDetectorAssemblydetectslaserechoesonthegroundsofthelaserpowerreceived
throughtheTX/RX Assembly.Forthispurpose,theDetectorAssemblycomprisesan
AvalanchePhotodiode(APD)withrelatedbiascircuitry,acontrolledgainamplifierand
thethresholdcircuitrynecessaryfor theechoesdetection,all integratedin a single
mechanicalmoduledirectlyconnectedtothetelescopeoftheTX/RXAssembly.
TheLOASElectronicAssemblyperformsthefollowingfunctions:
analysesdetectedechoes,receivedasaRF signalfromtheDetectorAssembly,and
sendstherelevantinformationthroughtheRS-422interface;
controlsthescannerassemblymotors;
handlesSHU generalcontrolsandBIT operations.
All therelevantelectronicstoaccomplishtheabovementionedfunctionsis integratedin
asingleanalogue/digitalprintedcircuitboard.
The LaserAssemblyprovidestherequiredlaserpower. It comprisesanEr:fibrelaser,
therelatedcontrolcircuitryandpowersupply,all integratedin a singlebox. The laser
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powerdeliveryto theTX/RX OpticsAssemblyis providedvia an opticalfibre
connectedtothebeamexpander.
ThePowerSupplyAssemblyfulfilsthepowerequirementsof all theSHU sub-units,
exceptfortheLaserAssemblywhichis straightconnectedtotheplatformmains.For
thispurpose,thePowerSupplyAssemblycomprisesin a singleboxall thecircuitry
necessaryto interfacewiththeplatformmainsandto generateoutputvoltagesas
requiredbytheSHUsub-units.
TheGyroAssemblyprovides,asanoption,referencesignalstotheElectronicAssembly
to uncouplechoescoordinateswithrespectto thehelicoptermotionif requiredto
compensaterotationfor imagepresentation.TheGyroAssemblyis composedby 3
gyrosintegratedinasinglemechanicalmodule.
TheChassisis realisedbyacastingaluminium echanicalenvelopethatenclosesand
protectalltheSHUsub-units.TheChassisisdesignedinsuchawaythatalltheoptical
sub-unitsareallocatedin a sealedenvironmentfilled withnitrogengasto avoid
condenseffect.TheCAD representationof theSHU Chassisandthelocationof the
LaserAssembly,theDetectorAssembly,theTX/RX OpticsAssembly,theScanner
AssemblyandtheWindowAssemblyinsidetheChassisareshowninFig.2-21.
~
Laser Assy
\ DetectorAssy
~.a TXlRX Optics. Assy
Chassis /
Window
Assy
Figure2-21.LOAS systemsub-unitslocation.
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Somerelevantelectro-opticalparametersrelativeto thevariousLOAS sub-unitsare
listedintheTables2-2through2-4.
Table2-2. LOAS laserparameters.
Table2-3. LOAS opticalparameters.
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Parameter Description Value
Wavelength Laseremissionwavelength 1.55m
PeakPower Laserpulsepoweratthe"LaserAssembly"output 6kW
PulseDuration Laserpulseduration 2 ns
Frequency Laserpulserepetitionfrequency 40 kHz
Parameter Description Value
Divergence Laserbeamdivergenceatthe"WindowAssembly"output 1mrad
Optical Diameterofthevirtualinputpupilofthedetector(Le.thearea 85mm
diameter inwhichthecollectedpowerfromtheechois transferredto
thedetector)
Window Transmissioncoefficient(PirlPout)ofthe"WindowAssembly" 0.99
Transmission
Scanner Transmissioncoefficient(PirlPout)of the"ScannerAssembly" 0.99
Transmission
TX optics Transmissioncoefficient(PirlPout)oftheTXopticalpathofthe 0.98
Transmission "TXlRXOpticsAssembly"
RX optics Transmissioncoefficient(PirlPout)oftheRXopticalpathof 0.63
Transmission the"TXlRXOpticsAssembly"
Table2-4. LOAS detectorparameters.
ThenoisevaluestatedinTable2-4wascalculatedassumingabackgroundpowerof 10
Watt/m2/sr/Jlm.Asdescribedbefore,signalpre-amplificationntheDetectorAssembly
is performedby an automaticontrolledgainamplifierthatincreasesthesystem
sensitivityastheelapsedtimefromthelaseremissionincreases,in ordertoadjusthe
sensitivityon thebasisof theexpectedreturnsignalpowerin connectionwiththe
obstaclerange.Therefore,theelectricalnoiseof thepre-amplifieris nota constant
value,butitvariesintimewiththegain.ThevaluesatedinTable2-4isapplicableto
40%ofthescanningtime(Le.400ms).Fortheremaining60%ofthescanningtimethe
noiseis so lowwithrespectto theexpectedreturnpowerthatit canbeconsidered
negligibleforthecomputationfthefalsealarmrate.It alsohastobeconsideredthat
anycalculation,arisingfromthestatedvaluesconcerningfalsealarmrateanddetection
probability,onlyrefersto singleechoesandnotto theoverallperformanceof the
systemin termsof obstacledetectionandfalsealarmdeliverytothecrew,whichare
strictlydependentontheprocessingalgorithmsoftheProcessingUnit.
2-36
Parameter Description Value
DetectorNoise Equivalentopticalnoisepowerincludingthe optical 1.2nW
backaroundnoiseandthephotodiodeandpreamplifier
electricalnoise
Detector Electricalbandwidthofphotodiodeandrelevant 160MHz
Bandwidth preamplifierofthe"DetectorAssembly".
DetectorField Instantaneousfieldofviewinwhichthelaserpowerofa 1.5mrad
of View givenechois collectedandtransferredtothephotodiode
of the"DetectorAssembly".
DetectorFilter Bandwidthoftheopticalfilterofthedetectorcentredatthe 20nm
Bandwidth laseremissionwavelength.
2.5.1.2 LOAS Electronic-Processing Unit Functions
TheLOASEPUperformsthefollowingmainfunctions:
interfaceswiththeSHUviaserialinkinordertoacquiretheinformationrelatedto
echoescoordinatesandattributes;
processestheacquiredinformationi ordertodetect,isolateandcalculateposition
andcharacteristicsofpotentialobstacles;
computesdisplayinformationandsymbolsdata;
providesthewarninginformationtotheDisplayUnit;
interfaceswiththeControlUnitinordertoreceivecommandsandcontrolsprovided
bytheoperator;
managescommunicationdatawithotheron-boardequipment
managesBIT proceduresofthesystem
TheEPU isrealisedintegratinginastandard3/8ATIR (short)mechanicalframeallthe
electronicsub-assembliesnecessaryto implementthe functionsdescribedabove.
Particularly,theEPUcomprisesthefollowingsub-assemblies:
ProcessingAssembly.Thisassemblycomprisesthelogiccircuitrynecessaryto
controlthe system,to analysethe informationreceivedby the SHU andto
communicatethewarninginformationtotheDisplayUnit
InterfaceAssembly.This assemblycomprisesthecircuitrynecessaryfor the
electricalinterfaceofthesystemandfordatacommunicationt externalequipment.
PowerSupplyAssembly.Thisassemblycomprisesthecircuitrynecessarytofulfil
alltheDCrequirementsoftheEPU.
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2.5.1.3 LOAS Processing Algorithms
In anobstaclesdetectionandwarningsystem,thereis theneedtoprovide
thepilotonlywiththeessentialinformation.Thescannersystem,in fact,detectsthe
positionofeverypotentialobstacleintheenvironmentwherethehelicopteris moving.
In agenericscenario,withmanyobstaclesinthefieldofviewofthewarningsystem,it
maybe difficultto controlthemfor thepilot. For thisreason,a systemableto
discriminatehemostdangerousobstaclesandtosupplytherelativeinformationtothe
pilot,is required.To solvethisproblem,threealgorithmshavebeendevelopedfor
incorporationintheLOASEPU:
calculationoffuturetrajectory;
calculationof intersectionswiththeobstacles;
determinationof alternative(optimal)trajectory.
To validatethealgorithms,a simulationenvironmentandactualflighttestswere
performed.Theexperimentalresultsobtainedallowedbothverificationandrefinement
of theprocessingperformance.Moredetailsthegroundandflighttestactivities
performedwiththeLOASsystemaregiveninthechapters8and9.
2.5.1.4 Obstacle Detection and Classification Algorithms
As describedbefore,the LOAS anti-collisionsystemperformsobstacle
detectionbasedonthelaserradartechnique.Oncetheechoesenergyhasbeenoptically
collected,obstacledetection/classificationis performedthroughananalogdetectionof
theechoesandtwosuccessiveanalysisprocesses.Thefirstprocess,named"Pre-
processing",is performedata veryhighrateduringtheechoacquisitioni orderto
obtainsingle-echospecificdataandtocharacterizeitonthebasisof localrangecontrast
analysiswithrespecttonearbyechoes.Thesecondprocess,named"Processing",is
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performedata lowerrateandmanagesgroupsof pre-processedchoesin orderto
achieve,byatwostepanalysis,thefinalobstaclerecognitionandclassification[12].
The LOAS incorporatestwo differentypesof processingalgorithms:thefirst is
optimisedtoprocessechoesgeneratedbythinobjects,likewiresandpoles,thesecond
is optimisedtoprocessall echoesgeneratedbyextendedobstacles,likehouses,trees,
woodsandothersolidobjects.Thesealgorithmsidentifythe boundariesof the
obstacles;additionalgeometricalcriteriaallow to distinguish"wire-class","tree/pole
class"and "extendedclass"obstacles. In orderto performtheir tasks,the LOAS
processingalgorithmsmakeuseof imageanddatasegmentationanddatavalidation
[11]. Fig. 2-22 showsthe threelevelsof processingalgorithms,conceivedand
optimisedforthescannedellipticalscanningpatterndescribedbefore.
INPUTDATA
--- --- --- u_-_u _u --- u_--------------
PRE-PROCESSING Echoespre-
classmcation
---~~:~~~~~~~-~: ~~:~~~~~~~~~~:~~-- :~~:~~:~ L_--------------------------------
I '
I '
I '
: LowLevel LowLevel :
: ProcessWg ProcessWg:: WJRE FOLE:
I I
I '
I '
I '---T---- ----- ' - ----------- ----------, I
, '
I 'I: HighLevel HighLevel :
: ProcessWg ProcessWg~ I,
: WJRE FOLE,,
~ ~ ~---------_.
Low LevelProcessWg
EXTENDED
OBJECT
Segm.enhtion
HighLevel
ProcessWg
EX'IENDED
OBJECT
C lassmea !ion
and/or
validation
OUTPUT
Figure2-22.LOAS threelevelsprocessingalgorithms.
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Thethin-objectlassificationalgorithm(forwireandtree/poleclassesofobjects)works
on a subsetof echoesof thecurrentframe. It processesonly the echoeswhose
attributes,definedbythepre-processingal orithms,are"weakecho"and"thinobject".
An initialgeometricanalysisis performedonpre-processeddatato initiallyseparate
wireclassobstaclesandtree/poleobstacles.Imagesegmentationis theprocessof
dividingtheimageintoareaswheretheechoesarecharacterisedbyrelatively"aligned"
rangedataandpossiblethinobstaclesareextractedfromthissubsetofdata.Afterimage
segmentation,thedifferentclustersmustbevalidated.Thismeansthatthedetected
echoesareprocessedby a statisticalalgorithmto determineif theobstaclesare
generatedbyreal"aligned"echoesorbynoisingdata.
Also thealgorithmdedicatedto classificationof extendedobjectsis dividedin two
differentsteps:echoesclassificationa dsegmentation.Theechoeswithpre-processing
"extendedobject"attributesneedto beprocessedbya dedicatedselectionalgorithm
becausemanyof thesearenotgeneratedbyrealextendedobstacles.A well-defined
numberof echoes,acquiredin a shorttimeinterval,havesomecommongeometric
characteristicswhichcanbeextracted.Withtheseadditionalinformation,thedataare
passedtothesegmentationalgorithm,wherethedifferentclustersarerearrangedand
validatedwithsuitablestatisticalgorithms[11].
Theresultsofthedevelopedprocessingalgorithmsweretestedwithexperimentaldata,
acquiredwith a sensorprototype,andthendisplayed/analysedwith the LOAS
DebuggingInterface(LOI). Withcommandsavailablein theLDI, theusercould
changethekeyparametersdefiningtheprocessingalgorithms,othattheiroptimal
valuescouldbedeterminedobservingtheexperimentalresults.An exampleof the
debugginginterfaceisshowninFig.2-23.
Processingexperimentaldatacollectedontheground,itwasinitiallyverifiedthatthe
algorithmswere capableof detectingand classifyingthe differentobstacles.
Furthermore,thanksto theflighttestactivitiesperformedon helicopters,thekey
parametersweredefinitivelysetandoptimised.
2-40
~~-- - -....
n~_~ ~--
&: LOAS Image Reader - C:\LoasITesrtDatabaseltesr270400.foa li!iil£iE3
fi le, :Q:ebug
eai:lil-
C~.20deg
.(£iI)~~
r~:20deg
Figure2-23.LOAS experimentaldataanalysisdebuggingInterface.
2.5.1.5 ObstaclePrioritisationAlgorithms
In a laserobstacledetectionandwarningsystem,thereis alsotheproblem
ofprovidingonlyessentialinformationtothepilot.TheLOAS system,infact,detects
thepositionof everypotentialobstaclein theenvironmentwherethehelicopteris
moving.Inagenericscenario,withmanyobstaclesinthefieldofviewofthewarning
system,itmaybedifficultforthepilottomonitorallofthem.Forthisreason,asystem
abletodiscriminatehemostdangerousobstaclesandtosupplytherelativeinformation
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isrequired.Tosolvethisproblem,threealgorithmshavebeenimplemented:calculation
of futuretrajectory,calculationof possibleintersectionswithobstacles,andobstacle
prioritisation[11]. A three-dimensionalsimulationenvironmentwasrequiredto test
andrefinetheperformanceof thesealgorithms,withthehelicopterflyingin various
relevantoperationalscenarios.Thissimulationenvironment(seeFig.2-24)allowed
directinputoftherelevantobstaclesandhelicopterflightparameters,andpermittedto
visualise,fromdifferentpointsof view,thescenescannedbythelaser,thehelicopter
motion,andtoverifythepossibleintersectionswiththeobstacles[12].
Figure2-24.LOAS simulationenvironment.
2.5.1.6LOAS History Function
Dueto therestrictedsystemfieldof view,duringhelicoptermotionsome
informationacquiredin the previousframesmay be lost successively.To keep
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obstaclesinformationwhentheyareoutsidethepresentframe,it is necessarytostore
thepositionofeveryobjectdetectedandthenupdatethecoordinateswithrespecttothe
helicopterbody-fixedreferencesystem.The LOAS HistoryFunctionstoresdata
relativeto thedetectedobstaclesfora timeintervalwhichis dependentonhelicopter
velocity,anddeletesthemwhentheyareoutsidethehelicopterpossibletrajectories
(outsideitsflightenvelope).Sincethemotiondatasuppliedfromthenavigationsystem
are,like everymeasure,affectedby errors,it is necessaryto evaluatehowtheseerrors
affecthepositionscalculatedforeveryobstacle.Todoso,appropriateGaussianerrors
areaddedtoeverydataandthestatisticsof theresultingpositionerrorsarecalculated
for obstaclesnearandfar fromtheaircraft.Whentheimpactwarningprocessing
establishesthatthetrajectorycurrentlyflownbytheaircrafthasa collisionrisk,the
algorithmsearchesthecorrectionsnecessarytoavoidtheobstacles,andprovidesthe
pilotwithanindicationabouthealternative(optimal)directionto fly [11,12]. The
optimaltrajectoryis theonehavingtheminimumcorrection(necessarytoavoidthe
obstacles)andwhichiscompatiblewithasafeflightpath.
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ChaDter3
LASER SYSTEMS PERFORMANCE
3.1 General
A fundamentalproblemin laser systemsperformanceanalysisis
determinationfthetotalopticalpowerthatispresentatthereceiveraperture(case
of LADAR andLRF) or LGW seeker(caseof LTD) and,consequently,thetotal
opticalpowerincidentonthephotosensitiveelementof thereceiver:thedetector.
The laserrangeequationis usedto determinethepowerreceivedunderspecific
conditionsandagainsta particulartarget.For lasersystemsperformanceanalysis
specificmodelsarealsoneededfor atmosphericpropagation,targetreflection,
detectionperformance,etc..
In general,a laserbeamis attenuatedasit propagatesthroughtheatmosphere.In
addition,thebeamis oftenbroadened,efocused,andmayevenbedeflectedfrom
its initialpropagationdirection.Theattenuationandamountof beamalteration
dependon thewavelengthof operation,outputpowerandcharacteristicsof the
atmosphere.Whentheoutputpoweris low, theeffectsarelinearin behaviour
(absorption,scattering,andatmosphericturbulenceareexamplesof lineareffects).
Ontheotherhand,whenthepowerissufficientlyhigh,neweffectsareobservedthat
are characterisedby non-linearelationships(e.g.,thermalblooming,kinetic
cooling,bleaching,andatmosphericbreakdown).In bothcases,theatmospheric
effectscanbesignificantandseverelylimittheusefulnessofthebeam.
Anotherkeyelementof lasersystemsperformanceanalysis,is theknowledgeof
targetreflectionproperties.Ingeneral,thereflectivityof asurfacecanbeexpressed
by two components:thespecularcomponentandthediffusecomponent.The
specularcomponentistheenergythatreflectsawayfromthesurfaceattheopposite
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of theangleof incidencewiththeexitbeamremammgnarrow.Thediffuse
(Lambertian)component,ontheotherhand,is theenergyreflectedin all directions
withamaximumalongthenormaltothetargetsurfaceandfallingoff asa function
ofthecosineoftheangleoffofsurfacenormal.
In mostpracticalcases,targetsurfacesareveryroughat laserwavelengthsand,
consequently,thediffusescatteringcomponentfrequentlydominates(insomecases,
however,significantspecularcomponentsareobserved).Furthermore,mosttargets
exhibita markeddependencyof the overallscatteringcharacteristicson the
illuminationincidenceangle.
In thischapter,sometheoreticalbackgroundis givenof lasersystemsperformance
analysis, including discussionsabout mission performancerequirements,
atmosphericpropagationandtargetreflectionproperties.
3.2 Laser Range Equation
Theclassicalformsof thelaserrangeequation,applicableto extended,
pointandlinear("wire"type)targetsarepresentedin AppendixB. Furthermore,
variousconsiderationsare presentedrelativeto laserradarsystemsdetection
performances.Particularly,thesignal-to-noiseratio(SNR)equationsapplicableto
bothcoherentandincoherentdetectionlaserradarsystemarepresented,andthe
influenceofbothbackgroundandsystem/detectorn isetermsontheoverallsystems
performanceareinvestigated.
The rangeequationspresentedin AppendixB assumethatthetransmitterand
receiverarecollocatedandhavethesameopticsdiameter.In somecases(e.g.,for
LTD/LGW combinations),theseassumptionsarenotvalidandotherformsof the
range quationeedtobedeveloped.
3.2.1 RangeEquationforAirborneLTD/LRFSystems
Withreferenceto thegeometryof a typicalgroundattackmissionwith
laserguidedweaponshownin Fig.3-1,therangeperformanceof anLTD system
canbeestimatedusingtheproceduredescribedbelow[2].
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Figure 3-1. LTD/LGWmission geometry(verticalprofile).
3.2.1.1 EnergyDensityon theTarget
ThelaserbeamareaatadistanceRTisgivenby:
A - 1Z"(DL+a R )
2
b - T T4
where:
DL = Transmittedbeamdiameter(m);
aT = Outputlaserbeamwidth(rad).
3-3
(3.1)
Theenergydensityatthetargetlocation(J/m2)asa functionof transmittedenergy
(U) is givenby:
V
F =-e-(a"aHrRT)
Ab
(3.2)
Thisenergydensityis measurednormallytothetransmitterlineof sight.Usingeq.
(3.1),eq.(3.2)canbewrittenintheform:
4V -(a"aHtRT)
F= )2ell(DL +arRr
(3.3)
Theparametersappearingintheexponentialfactoraredefinedasfollows:
O"w =sealevelatmosphericattenuationcoefficient;
aHt = fractionaldecreaseincrwforapathfromaltitudeHt tosealevel.
3.2.1.2 TargetIrradiance
Theenergy(G)ofalaserspothatwill irradiateagiventargetsurface(A)
is thatportionpassingthroughtheprojectedarea(AN)in theplaneorthogonaltothe
sightline. Therefore,theirradianceof thetargetsurfacecanbecalculatedusingthe
equation:
G =F AN
A (3.4)
and,usingtheeq.(3.2):
VAN -(a"aHTRT)G--e
- AbA
(3.5)
or:
4VAN -(a"aHTRT)G ~e
=All(DL +arRr)
(3.6)
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As AN=AcosBI,wealsohave:
4U -(O"waHTRr)
)
2 e
G =cosBIre(DL+aTRT
(3.7)
whereBtistheincidenceangletothetargetsurfaceasmeasuredfromthesightlineto
thetargetnormal.
3.2.1.3 TargetBrightness
Thebrightnessof theirradiatedtargetis determinedby theirradiance
levelandbythereflectancecharacteristicsofthetargetsurface.
The laserenergyreachingthetargetis partiallyabsorbedandpartiallyreflected,
eitherspecularlyanddiffusely.Theprobabilitiesof eachof theseoccurrencesare
calledthecoefficientsof absorption,specularreflection,anddiffusereflection,and
mustsatisfy:Ca+Cs+Cd=1. Moredetailsaboutargetreflectionpropertiesare
givenin successivesectionsof thischapter.Assumingnowthata thetargetis a
perfectlydiffusereflector,withaLambertianradiationpattern,thebrightness(B) is
givenby:
B =PTG
re (3.8)
wherePr is thetargetreflectivity.
3.2.1.4 EnergyattheReceiver
Theenergy(ER)collectedbyareceivingapertureobservingthistargetis
obtainedfromtheexpression:
BARAM -(O"w!3HRRR)
ER = R 2 eR (3.9)
where:
AR
AR/Ri
= receiveraperturearea;
= solidanglesubtendedbythereceivingaperture;
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AM
f3HR
= projectedspotareaintheplanenormaltothereceiversightline;
= fractionaldecreaseinO'wforapathfromsealeveltoHR.
AMisrelatedtothetargetlaserspotareaby:
AM =A cosBr (3.10)
Therefore,thefinalexpressionforenergydensity(I) atthereceiverapertureforthe
Lambertiantargetis,bysubstitution:
ER1=-
AR
(11m2) (3.11)
1= BARAMe-(U"PHRRT)12 .-
RR AR
(3.12)
GpTAMe-(o-"PHRRT)
1=
;rR 2R
(3.13)
4UcosBe-(o-"aHRRT)PT A cosBr -(o-"PHRRR)1 - t .-. .e- 2 2
;r(DL +aTRT) ;r RR
(3.14)
4 PTUA cosB cosB e-[o-,,(aHRRT+PHRRR)]1= t r
;r2(DL+aTRTiR/
(3.15)
If theseekerof theLGW is notturnedtowardsthetarget,anadditionalcosinefactor
wouldbeintroducedreducingtheeffectivereceivingapertureasa functionof the
anglebetweenthelineof sightandthenormalto theaperture(YR).Therefore,in
general:
1= 4PTUA cos B/ cos Br cosYRe-[o-..(aHRRT+PHRRR)]
;r2(DL+aTRT)2R/
(3.16)
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If thetransmitterandreceivera collocated(caseof LRF), theequationcanbe
simplifiedbysetting:
Hr=Ht PHR=Pm rr=O
Rr =Rt =Ra Or= Ot
Therefore:
1= 4PTUAcos2 °te-(2uwRoaHT)
,,2 (DL +aTRJRo 2
(3.17)
The term e-[uw(aHRRT+PHRRR)]in eq. (3.16) representsthe two-ways atmospheric
transmittancefor the generalcase(i.e., transmitterand receivernot collocated),
denotedas Tatmin therestof thisthesis.Theterme-(2uwRoaHT)in eq.(3.17)represents
thetwo-waystransmittancefor thecaseof transmitter-receivercollocation(also
denotedwithTatminthisthesis).
Theexpressionsderivedcanbeusedtoevaluatethemaximumrangeperformanceof
a LRF or LTD system,by substitutingthe varioustransmitterand receiver
parameters,andsolvingforRtandRr. Forthispurpose,theMinimumDetecatable
EnergyDensity(MDED)atthereceiverapertureis substitutedforenergydensityin
theEq. (3.16)or (3.17). Froma practicalpointof view,thedifficultiesof this
approachfor operational-levelperformanceanalysisare representedby the
calculationof Tatm(afunctionofRr , RR,visibility,humidity,altitude,grazingangle,
etc.),theknowledgeof thetargetcharacteristics(i.e.,shape,reflectivity,etc.)and,
veryoften,theunavailabilityof technicaldataon theseeker-headdetectorsand
activelasersystems.
Sincethephysicalcharacteristicsof thetargetareoftenknownbeforeperformingan
attackandthetargetis generallyextendedat rangesof practicalinterest,it is
generallysufficientto use the diffusereflectivityof the surfacethatwill be
illuminated,atthewavelengthconsidered(e.g.,1.064Jlm). Moreover,sincethe
characteristicsof targetdesignatorslasersignalsarestandardisedwithinNATO
countriesby theSTANAG 3733,thereis nomuchthesystemdesignercando in
ordertoenhancetheperformanceofadesignatingsystem,exceptthanincreasingthe
outputpowerof thesystemandreducingthebeamdivergence.Ontheotherhand,
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somelaboratoryexperiments( eechapter8 of thisthesis)haveshownthatdirect
measurementoftheseekerminimumdetectableenergyispossible,directlyusingthe
seekerandarelativelysimpleinstrumentation.
In mostcases,it is thereforepossibleto estimatetheperformanceof a LRF/LTD
systemaslongastheatmosphericpropagationof thelaserbeamcanbeadequately
modelled.This is notaneasytask,especiallytakingintoaccounttheconsiderable
variationthattheatmosphericparametersmayexperienceduringrealmissionsand
forpropagationpathsthatmayexceed10-15km.
Additionalparametersto beconsideredarethetransmittingandreceivingoptics
lossesandthelimitedintegrationtimeofthedetectioncircuits.Whenthetargetis an
extendedhorizontalsurface,forexample,thelasercanilluminatetargetareaswhose
slantrangevariessignificantly.This is especiallytruewhenthelaseris operating
fromlowaltitudes(i.e.,lowgrazingangles).Theresultistocausetargetreflections
fromagivenpulsetransmissiontobereceiveduringarelativelylongtimeinterval
comparedto the transmittedpulsewidth.Receiversensitivity,in termsof the
capabilityof detectingagivenreflectedenergy,is degradedwhenthereceivedpulse
durationis longerthanthereceiverintegrationtime. In fact,whenthedetectoris a
peakreadingthreshold etector,only theenergyreceivedduringan integration
periodcontributesffectivelyinachievingdetection.Althoughtheintegrationoutput
doescontinuetoriseaslongasenergyis beingreceived,therateof riseis soslight
thatprecisetimingof thethresholdcrossingbecomesimpossiblein thepresenceof
receiverandbackgroundnoise.Accordingly,theenergyreceivedafterexpirationof
theintegrationtimeisuselessindeterminingtargetrangeorperformingothertiming
functions.Theendeffectisreducedreceiversensitivity.
3.3 Laser Beam Atmospheric Propagation
Manystudieshavebeenundertakenfor characterisingandmodelling
linearandnon-linearatmosphericpropagationeffectson laserbeams. In the
followingparagraphs,onlya briefintroductionto thefundamentalsof laserbeam
propagationis presented,withemphasison thosephenomenaaffectingthepeak
irradianceatthetarget.Furthermore,anoutlineis presentedof theempiricmodels
currentlyusedbytheItalianAir ForceforPILASTER test/trainingoperations(i.e.,
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missionplanning,safetystudiesandperfonuanceanalysis)withground/airborne
lasersystems.A morecompletediscussionof laserbeampropagationphysicsis
presentedinAppendixC.
3.3.1 AtmosphericTransmittance
Attenuationof laseradiationintheatmosphereisdescribedbytheBeer's
law:
I(z)=e-y.:,=-
10
(3.18)
where,isthetransmittance,r istheattenuationcoefficient,andz isthelengthofthe
transmissionpath. If theattenuationcoefficientis a functionof thepath,theneq.
(3.18)becomes:
,= e-f;r(z)dz (3.19)
Theattenuationcoefficientis detenuinedby fourindividualprocesses:molecular
absorption,molecularscattering,aerosolabsorption,andaerosolscattering.The
atmosphericattenuationcoefficientis:
r =am+Pm+aa+Pa (3.20)
wherea is the absorptioncoefficient,P is the scatteringcoefficient,andthe
subscriptsmandadesignatehemolecularandaerosolprocesses,respectively.Each
coefficientineq.(3.20)dependsonthewavelengthofthelaseradiation.
We findit convenientattimesto discussabsorptionandscatteringin tenusof the
absorptionandscatteringcrosssections(O"and os,respectively)of the individual
particlesthatareinvolved.Thus,wecanwrite:
a =O"aNa (3.21)
and
P =O"sNs (3.22)
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where Na and Ns are the concentrationsof the absorbersand scatterers,
respectively.In the absenceof precipitation,the atmospherecontainsfinely
dispersedsolidandliquidparticles(of ice,dust,aromaticandorganicmaterial)that
varyin sizefromaclusterof a fewmoleculestoparticlesofabout20Jlmin radius.
Particleslargerthanthisremainairborneforashortimeandareonlyfoundcloseto
theirsources.Sucha colloidalsystem,in whicha gas(in thiscase,air) is the
continuousmediumandparticlesof solidor liquidaredispersed,is knownasan
aerosol.Aerosolattenuationcoefficientsdependconsiderablyon thedimensions,
chemicalcomposition,andconcentrationf aerosolparticles.Theseparticlesare
generallyassumedto be homogeneousspheresthatare characterizedby two
parameters:theradiusandtheindexofrefraction.
In general,theindexofrefractioniscomplex.Therefore,wecanwrite:
'if=n-ik =n(l-i:) =n(l-iK)
(3.23)
wheren andkaretherealandimaginarypartsandK =kinisknownastheextinction
coefficient.In general,bothn andk arefunctionsof thefrequencyof theincident
radiation.Theimaginarypart(whicharisesfromafiniteconductivityoftheparticle)
isameasureoftheabsorption.In fact,k isreferredtoastheabsorptionconstant.It is
relatedtotheabsorptioncoefficienta ofeqs.(3.20)and(3.21)by:
a =4:ifk
c
(3.24)
wherec is thespeedof lightin a vacuumandf is thefrequencyof theincident
radiation.Forthewavelengthrangeofgreaterinterestinlaserbeampropagation(the
visibleregiontoabout15Jlm)theprincipalatmosphericabsorbersarethemolecules
of water,carbondioxide,andozone.Attenuationoccursbecausethesemolecules
selectivelyabsorbradiationby changingvibrationalandrotationalenergystates.
Thetwogasespresentingreatestabundanceintheearth'satmosphere,nitrogen(N2)
andoxygen(°2),arehomonuclear,whichmeansthatheypossessnoelectricdipole
momentandthereforedonotexhibitmolecularabsorptionbands.
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is thedistortionparameterfor a collimatedGaussianbeamof lie radiusaoand
uniformwindvelocityVoin theweakattenuationlimit(rz<<1). ThequantitiesnT,
do , andcpare,respectively,thecoefficientsof indexchangewith respecto
temperature,density,andspecificheatatconstantpressure,andP andz arethelaser
outputpowerandrange,respectively.
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Figure C-16. Irradiancedistributionbefore(t=O)and afterblooming(t>O),with
wind causing the beam to be deflectedfrom its initial position by
theamountL1xinto thewind direction.
Theexpressioni bracketsineq.(CA8)accountsforthefiniteattenuationfP with
increasingz,thefocusingordivergenceofthebeam,andthenon-uniformvelocityin
thecaseof slewing.Thefocusedbeamprofileisgivenby:
z'
a(z') =ao-(ao -a)- z (C.50)
wherea is theundistortedbeamradiusatthefocalplane,andthewindvelocitydue
toslewingisgivenby:
v(z') =v0 +mz' (C.51)
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whereOJis theslewrate(assumedtobeinthedirectionoppositethewind).
A problemassociatedwithbeamslewingariseswhenthebeamis slewedin the
directionof thewind.In thiscase,atsomepositionalongthebeama conditionis
reachedwherethebeamis movingatthesamespeedasthewind. At thisposition,
calledthestagnationzone,thebeamundergoestrongthermalblooming. The
severityof thiseffectdependsonthelocationofthestagnationzoneandwhetherthe
beamis focusedor collimated.If thebeamis well collimated,thecloserthe
stagnationzoneistothetransmitter,themorethebeamwill spread.
3.5.2 KineticCoolingof theAtmosphere
Sofarinourdescriptionofthermo-opticeffectswehaveassumedthathe
energyremovedfromthelaserbeamimmediatelymanifestsitselfasanincreased
temperatureof thecolumnof airwithinthebeam.Thisis,however,notalwaysthe
case.Forexample,thetemperatureofaparcelofairenteringaCO2laserbeammay
initiallydropbeforeit risesbeyondtheambienttemperature.Suchtransientcooling,
orkineticcooling,causestherefractiveindexof theairto risenearthebeamaxis.
This leadsto a temporaryfocusingeffectandlessthandiffractionlimitedbeam
spreading.Of course,thecoolingcannotlastforverylong,sinceenergyabsorbedby
atmosphericgases(momentarilystoredin molecularvibrations)ultimatelyis
convertedtokineticmotionthatmanifestsitselfasanincreaseinthegastemperature
(atmosphericnitrogenplaysanimportantroleinthisprocess).
Withawatervapourconcentrationrelativelylow(suchasit is athigheraltitudes),
thekineticcoolinghasbeenestimatedtolastformorethan0.2secby Woodetal.
[21].Ontheotherhand,atsealevelonamoistdaytheheatingrateoftheairmaybe
onlyslightlyaffectedbykineticcooling.Thesameauthorshavealsocalculatedthe
differencebetweentemperaturewithinthebeamandtheambienttemperature(see
Fig.C-17). It is importanttonotethattheamountanddurationof thecoolingare
actuallyquitesmall.Typicalcoolingtimesvaryfromafewmillisecondstoafraction
of a second,andtemperaturedifferencesareof theorderof 10-2OK. Sincethe
coolingtimesaremuchlongerthantypicallaserpulsedurations,theeffectsof
kineticcoolingonbeamspreadingmaybesignificantinpulsedoperation.
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Figure C-17. Temperaturechangeduetokineticcoolingforvariousaltitudes.
In general,if awindisblowing(orthebeamisslewed),airatambienttemperatureis
constantlyenteringthebeam.Theextentowhichit is cooledorheatedwill depend
ontherelaxationrateofnitrogenandontheamountof timethattheunitvolumeof
airis inthebeam.Therefore,if theparcelofairiscooledandhaspassedthroughthe
beambeforeit canheatup,betterthandiffractionlimitedbeampropagationis
possible.
3.5.3 Bleaching
In theprecedingsectionweconsideredthermo-opticphenomenaforlaser
beamswithpulsedurationst thatwerelongerthanthehydrodynamictimew/vs,
wherew is thebeamspotsizeandv,is thespeedof sound.By usingpulsesof time
durationt « w/vs,thedeleteriouseffectsof thethermo-opticphenomenamaybe
removedentirely.However,pulsesof suchshortduration(about1to 5 f.tsec)may
undercertainconditionsaturatetheabsorptionmechanismandtherebyreducethe
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atmospherictransmittance.Thesaturationoftheabsorptionmechanismisreferredto
as"bleaching".
In general,ow irradiancepulsesarestronglyalteredin bothpulseshapeandpulse
energy,whilehighirradiancepulsesaredeformedonlyontheleadingedgeandthe
pulseis onlyweaklyattenuated.Fig.C-18showstherelativeabsorptioncoefficient
fora 4 J..lsecCO2laserpulseforvariousirradiances[3]. Thefigureshowsthatat1
MW/cm2theabsorptioncoefficientcandropto 10%of itslow-powervaluein less
than 1 J..lsec.
Evidently,bleachingoftheabsorptionmechanismholdspromiseforimprovinglaser
beamtransmissioni theatmosphere.Forexample,forthe10.6J..lmlaserradiation
in theatmosphere,bleachingof theCO2absorptionmechanismcanoccurforpulse
durationslessthant ~3.5xlO-4secandirradiancevalueslargerthanI ~ 105W/cm2,
aslongastheatmosphericwatervapourcontentis negligible.For otherradiation
sources,thespecificabsorptionprocessesmustbeindividuallylookedatin orderto
judgethe feasibilityof saturatingtheabsorptioncoefficientwith short,intense
pulses.
1.0""",-<,--LASERPULSE~I
3. 3x104,,/cm2I
I
I
3. 3xI05w/cm21
DRYAIR
JL
ex 0.50
106W/cm2
0 2 4
TIME(uSEC)
5 6
Figure C-18. Fractionalabsorptioncoefficientasa functionoftimefora4
J.LSecsquare pulse.
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3.6 AerodynamicEffects
It is beyondthe scopeof this appendixto describedin depththe
influencesof aerodynamicson opticalsystems.However,someof the basic
principlesmorerelevanttoairbornelasersystemsaredescribedinthisparagraph.
Opticalaberrationsresultingfromaerodynamicflow fieldscanbeplacedin two
categories:
VISCOUSflow phenomenaincluding laminarand turbulentboundarylayers,
shearlayers,andwaketurbulence;
inviscidorpotentialf ow,arisingfromtheaccelerationof (compressible)fluid,
generallyalongthefuselagecontoursoraroundprotuberances.
For wavelengthsrangingfromthevisibleto themid-IR,flush-mountedmaterial
windowsgenerallycanbe employedto shieldtheopticalcomponentsfromthe
externalaerodynamicflowfield. An exceptionmayoccurif ahigh-powerlaseristo
be transmittedthroughthewindow;in thiscase,thermal-induceddistortionsor
potentialdamagemayprecludeitsuse. If suchinstallationsarefeasible,thenthe
aeromechanicalissueisonlyassociatedwiththeaircraftmotion.Theresultingaero-
opticalperformanceis drivenby theaerodynamicflow fieldthatexistsoverthe
externalportionoftheaircraftandwindowitself.Theseaerodynamicflowfields,if
laminar,tendtoberelativelybenignandareinfluencedbythemeanflowfieldthat
existovertheaerodynamiccontours.However,if thesurfaceboundarylayerover
thewindowis turbulent,as is morelikely in operationalsettings,theresulting
unsteadyairdensityvariations(resultingin unsteadyindexof refractionfields)can
yieldsignificantopticalaberrations[22].
For long-wavelengthIR transmissionandreception(1 ~lOJ..tm),amaterialwindow
becomesmuchlessattractiveowingto opticaltransmissionlossesandwindow
radiative ffects.For suchapplications,cavitiesthatareopento thesurrounding
aerodynamicflowfieldmaybeused.Alsointhiscase,however,theAO flowfield
cancauseawholerangeofopticalaberrations(e.g.,considerableintensityreductions
duetoscattering,absorption,refractionandreflectionbytheAO interface,tc.).It is
evidenthataneffectivecontrolof theseaberrationsisaprerequisiteoanyairborne
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laserapplication.Oncethebasicrequirementsofanairbornelasersystemhavebeen
defined,somescalingrelationsmaybeusedtoprioritisetheundesiredAO effects,
andvariousoptionsneedtobetakenintoaccountforamelioratingthese ffects(e.g.,
changingopticsbeamdiameteror wavelength,tailoringtheflowfield,introducing
advancedbeamcontroltechniques,etc.). Sometimesseveralapproachesmustbe
combined.
Randomflow fieldsincludeturbulentboundarylayersandshearlayers,thelatter
beingdevelopedata flow discontinuity(e.g.,fuselageprotuberanceor recession).
As reportedin Keithet al. [22],theopticalaberrationsimpressedon a beam
transitingtheserandomflowsaredeterminedbythreeaerodynamicparameters:the
fieldfluctuatingdensityp', thecorrelationlengthalongtheopticalaxis/z,andthe
totalpathlengththroughthedisturbance1. Thepredictedwave-frontvariance,
assumingisotropicturbulence,isgivenby[23]:
(j2 =2G2r(pl2)/zdz for /z« L (C.52)
withG beingtheGladstone-Daleparameter[24],relatingmediumindexofrefraction
todensityfluctuations.If thecondition/z<<L is notfulfilled(e.g.,in thecaseof
shearlayers),thentheeq.(C.52)overestimatesheactualaberrations.
In general,thecomplexityoftheAO fieldforanairbornesystemincreaseswithboth
theMachnumber(M =V/awhereVisthefluidvelocityanda thevelocityof sound)
andReyno/dsnumber(Re= VW/vwhereW is thesizeof flowpatternandv is the
kinematicviscosity).For velocitiesbelowM = 0.3compressibilityeffectsare
negligibleandtherearelittleopticalaberrations.As M increasesbeyond0.3,
compressibilityeffectsbecomeimportant.Theflow velocity,whichis zeroatthe
wall(airborneplatformsurface),andincreaseawayfromthewalltothefree-stream
velocity.Theensuingaccelerationyieldsrotationalf ownearthesurface,leadingto
eithersteadyorunsteadydensityvariations.
Theflowis heatedasit is compressedandacceleratedfromthefree-streamvelocity
to stagnationatthewall. Assuminganadiabaticprocess,wecanapproximatehis
heatingby[22]:
T =bY;
[
1+r (r -1) M2
]w 0 2 0
(C.53)
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where:
Tw = adiabaticwalltemperature;
free-streamtemperature;To
Mo =
r
free-streamMachnumber;
recoveryparameter(r=0.85laminar,0.89turbulent);
r adiabaticindex(ratioof specificheatat constantpressureto thatat
constantvolume).FormostAO conditionsof interestr~ 1.4(air);
b constantreflectingrealgaseffects.ForMo<6,b ~ 1.0;forMo>8,b ~ 0.5.
As Mocontinuesto increase,thefluid temperatureandvelocitychangesinduce
increasingdensitychanges.Fromeq.(C.52)wenotethatthisyieldsgreateroptical
aberrations.In thetransonicregime(0.8::;M::; 1),localsupersonicflows(inwhich
shocksappear)causeadditionalreflectionandrefractioneffects.In thesupersonic
regime(1 ::;M ::;8) thehighstagnationtemperaturescancausethermo-optical
windowdistortions(insomecasesacoolantisneeded).In thetransonicregime(M>
8)dissociationandionisationresultfromthegasheating.Theseplasmasintroduce
anotherlevelof opticaldistortion,withparticularlystrongvibrationalabsorption
bands. In thisregime,strongcouplingbetweenacousticalandturbulencefields
occurs[22].
As alreadymentioned,boundarylayerscanbeeitherlaminaror turbulent,hefirst
beingcharacterisedby smoothdensityvariations(exceptfor thecaseof external
heatingorcoolingof theflow),andthesecondbeingcharacterisedbyachaoticflow
(althoughthechaosis knownto bestatisticallydefinite).Extensiveresearchas
demonstratedthatthemagnitudeof thedensityfluctuationsin aturbulentboundary
layeris drivenby thedifferencebetweenthedensityatthewallPwandthefree-
streamdensityPo[25].Thedensityatthewallintheregimeofnoshockwavesand
assumingzeropressuregradientacrosstheboundarylayerisgivenby[22]:
Pw=Po[1+r (y~I)Mg]
(C.54)
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Otherrelationshipshavealsobeendevelopedfor evaluatingtheopticaleffectsfor
bothsubsonicflowandtransonic/supersonicregimes.
For an inviscidflow, thedensityratiofromonestreamlineto another(no shock
waves)isgivenby:
!
(r-l) 2
!
r~1
l+r-MaPh 2
Pa = l+r(y~I)M;
(C.55)
UsingthisequationandtheGladestone-Daler lationshipN'=Gp' (wheren' is the
indexof refractionvariationand p' is thedensityfluctuation),thecorresponding
opticalphase~~canbe determined,by integratingp' ==IPa - Pbl Ithroughthe
disturbancein thez (opticalaxis)direction:
L1tjJ=KGrp'dz (C.56)
whereK isthewavenumberandL isthepathlengththroughthedisturbance.
In thecaseof shockwaves,therelationshipbetweenthedensitiesahead(Po)and
behind(P)theshockis:
~ - (r+1)Mgsin2e
Po- (r -l)Mgsin2e+2
(C.57)
wheree istheshockangleattheopticalaxis. Ingeneral,it isacomplexfunctionof
bodyshape,angleof attackandMachnumber.No analyticalscalingrelationships
are availablefor estimatingthis shockangle;however,ComputationalF uid
Dynamics(CFD) can yield usefulapproximations.The main disturbances
introducedby shockwavesin opticalsystemsare:trackingerrors,focal length
variationsandopticalreflectionsattheshockinterface[22].
Moredetailediscussionsaboutinviscidandviscous/randomflows,aswellasshock
waveseffectsonairbornesystemsperformancemaybefoundin theliterature[22>
25,26,27].
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3.7 Propagation Equation
Formanyapplications,it isnecessarytodeterminesystemperformancein
termsof thepeakirradianceinthefocalplane.In thissectionwedescribeamethod
for calculatingthemeanpeakfocal irradiancedueto diffraction,randomjitter,
atmosphericturbulence,andthermalblooming.
Weassumeforconveniencea Gaussianbeamatthesourceandanaveragefocused
irradiance,whichbecauseofbeamjitterandturbulence-inducedspreadingalsohasa
Gaussiandistribution.Thepeakirradianceforsuchabeamis [28]:
I - Pe-rz
p - Jr(a2+a2+a2)d } t
(C.58)
whereP is theoutputpower,ris theattenuationcoefficient,a is thelie beamradius,
andthesubscriptsd,j, andt refertodiffraction,jitter,andturbulence.
Thecontributionstothefocalspotareaduetodiffraction,jitter,andturbulenceare,
respectively,givenby:
a~ = (pz.1 / 27iaO)2 (C.59)
a~=2 <0;>Z2 (C.60)
I
2 4C12/5 16/5
at = N Z
.12/5
(C.61)
wherefJis thebeamqualityfactor(i.e.,theobservedbeamradiusdividedby the
diffraction-limitedradius),and<0; > is thevarianceof thesingleaxisjitterangle
thatis assumedtobeequalto <0: >. In ordertoaccountforthethermalblooming
effect,eq.(C.58)ismultipliedbythefactorR fromeq.(C.47).Therefore,wehave:
Pe-rz 1
I - x
p - Jr(a~+a~+at2) 1+O.0625N2
(C.62)
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Eq. (C.62)is thepropagationequationfor Gaussianbeams.It hasbeenusedby
Gebhardt[28]to comparethepropagationof sevenlaserwavelengthsfor CW
operation.ThesevenlaserwavelengthschosenbyGebhardtarelistedbelow:
ThespecificwavelengthschosentorepresentHF, DF, andCO lasersarethosewith
thebesttransmissioncharacteristics.Onlythemid-latitudewinterandmid-latitude
summermodelswereconsidered.Theaerosolabsorptionandscatteringdataused
wereforclear(23-kmvisibility)andhazy(5-kmvisibility)conditions.
Theresultsfor themid-latitudesummerconditionandanoutputpowerof 25kW,
withthelaserbeamsfocusedattherangez =3kmandauniformwindvelocityof 10
mph(nobeamslewing),areshownin Fig.C-19. Thetrianglesandcirclesdenote
intermediateandstrongturbulencelevels,respectively,andtheclearandhazy
visibilityconditionsareindicatedbyopenandsolidsymbols,respectively.Theline
connectingthepairsof likesymbolsforeachwavelengthindicatesthevariationin
peakirradianceduetothevariationin turbulencel vel.Thelinelabelledvacuumis
theidealdiffraction-limitedpeakirradiancethatvariesasX2. FortheCO2,CO,and
DF lasers,Fig. C-19 showsthatthepeakirradianceincreaseswith decreasing
wavelengthforclear,moderateurbulenceconditions.FortheN2,Ar, andNd lasers,
the peak irradianceis reducedsignificantlyfrom the vacuumlimit by the
atmosphericeffectsofaerosolscatteringandturbulence.It is interestingtonotethat
for theCO2wavelength,whichis dominatedbythermalbloomingdueto stronger
molecularabsorption,thepeakirradianceis relativelyinsensitivetobothturbulence
andaerosoleffects.At theshorterwavelengthstheeffectsofturbulenceandaerosol
attenuationproducewidevariationsinthepeakirradiance.
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CO2 P(20) A = 10.591
COP4(15) A=4.989
DF P2(8) A = 3.8007
HF Pl(12) A = 2.9573
Nd A=1.06
Ar A = 0.5145
N2 A = 0.3371
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Figure C-19. Peakirradiancevaluesof sevenlaserwavelengthsfor mid-latitude
summerconditions.Identicalaserand rangecharacteristicsare
assumedforeachwavelength.
Theimportanceof bothaerosolscatteringandturbulenceeffectsclearlyincreasesat
theshorterwavelengths.TheanalysisconductedbyGebhardtshowsthathenearto
mid-IRregionsofferthebestoveralltransmissioncharacteristics;in particular,the
3.8-J.1mDF wavelengthisoptimumforvaryingaerosolandturbulenceconditions.
In summary,thepropagationof high-powerlaserbeamsthroughtheatmosphereis
affectedby a hostof opticalphenomena.For CW beamsthemostsignificant
phenomenaareabsorptionandscatteringby molecules(H2O,CO2,03, etc.)and
aerosols,as well as atmosphericturbulenceandthermalblooming.In general,
thermalbloomingtendstodominatethelongerwavelengths(5-10J.1m),whileaerosol
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andturbulenceffectsaremoreimportantattheshorterwavelengthsandresultin
largervariationsin peakirradiancein thefocalplaneas atmosphericconditions
change.Someofthese ffectscanbeovercomebyusinglaserpulsesratherthanCW
beamsand/oradaptiveopticaltechniques.
3.8 Computer Programs
Overthelast25yearspowerfultoolsfortheassessmentandexploitation
of propagationconditionstogetherwith rangeperformancemodelsfor military
systemshavebecomeavailable.It is impossibletoexplainin depthandin a fully
comprehensivewayallavailabletoolsinthisreport.However,aselectionofmodels
is made,basedonexperiencewithsensorevaluationandadaptationtoatmospheric
conditions.
Duetothelargenumberofparametersinvolvedin opticaltransmissionthroughthe
atmosphere,numericalcalculationsof atmospherictransmissionis anunavoidable
process.Theaimof thenumericalcalculationis topredictwitha highdegreeof
accuracythe transmittancethroughthe atmosphere,givena path,atmospheric
conditions,wavelength,and a set of measuredor predictedmeteorological
parameters.The computercodesappliedhere are transmissionmodelsor
computationaltechniquesimplementedin computerprogramsthatgeneratethe
transmittanceoratransmittancespectrum,giventhenecessaryinputbytheuser.
Threenumericalmethodsforatmospherictransmissioncalculationswidelyinuseare
LOWTRAN, MODTRAN andFASCODE,developedattheAir ForceGeophysics
Laboratory(AFGL), HanscomAFB, Ma., USA, which is now the Phillips
Laboratory,GeophysicsDirectorate.
FASCODE containsthe moleculardatabaseHITRAN andis a high-resolution
transmissioncode,whereasLOWTRAN is a low-resolutiontransmissioncode,
whereasMODTRAN offersmediumresolution.As newmeasurementsbecame
availableand betterunderstandingof the extinctionprocesswere reached,
FASCODEandLOWTRAN weremodifiedandupdatedinthelast20years.
OnceLOWTRAN becameavailableothercomputermodels,morespecifically
designedtosimulatetacticalbattlefieldsituations,couldbebuiltaroundit. Suchis
the casefor EOSAEL (Electro-OpticalSystemsAtmosphericEffectsLibrary)
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designedbytheD.S.ArmyAtmosphericSciencesLaboratorywhichis nowtheD.S.
ArmyResearchLaboratory.EOSAEL offersmanydifferentmodulesforcalculating
theeffectsof battlefield-inducedcontaminantslikesmoke,highexplosivedust,and
vehiculardust.Variousothermodulesareconcernedwiththeeffectsof turbulence
andwithabsorptionandbackscatteringof laseradiation,effectsofcloudsandsoon.
Predictionof lasersystemsrangeperformanceis essentialespeciallyfor mission
planningpurposes.It is notpossibletodescribeallmodelsin detailshere.Instead,
sometypicalexamplesaregiveninthenextparagraphs.
3.8.1 LOWTRAN
Thelatestversionsof LOWTRAN coversthewavelengthrangefrom0.2
J-tmin theultravioletto themillimetrewaveregion(0-50,000cm-I). Thespectral
resolutionis 25cm-I.Thecomputerprogramwasdesignedasa simpleandflexible
bandmodelthat allows fast, reasonablyaccurate,low-resolutionatmospheric
transmittanceandradiancecalculationsto be madeoverbroadregionsof the
spectrumforanyrequiredatmosphericpathgeometry.
LOWTRAN alsooffersthepossibilityofradiancecalculationsincludingatmospheric
self-emission,solarand/orlunarradiancesinglescatteredintothepath,directsolar
irradiancethrougha slantpathto space,andmultiplescatteredsolarand/orself-
emissionradianceintothepath.
3.8.2 MODTRAN
MODTRAN (MODerateresolutionLOWTRAN), is a radiativetransfer
modelwithaspectralresolutionof2 cm-I(FWHM)whichhasbeendevelopedbased
on theLOWTRAN 7 model. MODTRAN is identicalto LOWTRAN exceptit
containsanotherbandmodel.Fig.C-20showsacomparisonof MODTRAN 2 and
LOWTRAN 7 calculationsforaslantpathfrom5to 10kmheight[29].Validation
studies,basedoncomparisonsto FASCODE 2, havealsoindicatedno significant
discrepanciesat2cm-Iresolution(FWHM).
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FigureC-20.Atmospherictransmittanceforaslantpathfrom5to10kmat150from
zenithandthroughU.S.standardatmospherewithnohaze.
3.8.3 FAse ODE
For studiesinvolvingthepropagationof verynarrowopticalbandwidth
radiation,such as lasers,the high resolutionatmospherictransmissioncode
FASCODE,alsodevelopedandmaintainedbythePhillipsLaboratory,Geophysical
Directorate,HanscomAFB, Ma.,canbeapplied.Characterisationoftheaerosoland
molecularcontinuumin FASCODEis muchthesameasthatforLOWTRAN, The
spectralmoleculartransmissionis calculatedby a line-by-linemonochromatic
calculationmethod.Theseresolutioncalculationsrequirea detailedatabase(e.g.,
HITRAN) of spectral-lineparameters.TheGeophysicsDirectorateis thecentrefor
establishingandmaintainingtheHITRAN database.FASCODE3Pis availablealso
fromONTAR Corp.Brookline,Ma.,USA, asPC-version.This is a menu-driven
packagethatallowslinefile generation,creationof theinputfile for FASCODE,
executionof thetransmissioncalculations,andsubsequentplottingof results.Fig.
C-21[30]showsthespectraltransmissionforanentirerangeof 850to1100cm-lof
asamplecalculationfora 100kmlongslantpathfromanaltitudeof6.096kmdown
toground.
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3.8.4 EOSAEL
TheElectro-OpticalSystemsAtmosphericEffectsLibrary(EOSAEL)is a
comprehensivelibraryof computercodesspecificallydesignedto simulatetactical
battlefieldsituations.EOSAEL hasbeendesignedandsteadilyupdatedbytheV.S.
ArmyAtmosphericSciencesLaboratory,Whitesands,NM, whichis nowtheV.S.
Army ResearchLaboratory. EOSAEL is a state-of-the-artcomputerlibrary
comprisedof fast-runningtheoretical,semi-empirical,and empiricalcomputer
programs(called modules)that mathematicallydescribevariousaspectsof
electromagneticpropagationi battlefieldenvironments.Themodulesareconnected
throughanexecutiveroutinebutoftenareexercisedindividually.Themodulesare
moreengineeringorientedthanfirst-principles.The philosophyis to include
modulesthatgivereasonablyaccurateresultswiththeminimumin computertime
for conditionsthatmaybeexpectedonthebattlefield.EOSAEL modelscomprise
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clearair transmission,transmissionthroughnaturalandman-madeobscurants,
turbulence,multiplescattering,contrastandcontrasttransmission,andothers.
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Appendix D
LASER SCA TTERING
AND TARGET CROSS SECTION
D.1 General
Our presentunderstandingof radiationtheorydoesnot permitan
analyticaldescription,inclosedform,of theexactrelationshipbetweentheradiation
emittedby a source(whethernaturalor artificial)andtheradiationreceivedby a
remotesensorafterhavingbeenreflectedby objectundersurveillance.Thereare
well knownlawsto describethesimplecaseof anelectromagneticwaveincident
uponaperfectlyplanarinterfacebetweentwomedia.In thiscase,thereflectedwave
dependsupontheradiationwavelength,theangleof incidence,andthephysical
properties( permittivity,permeabilityandconductivity)of thetwoadjoiningmedia.
The lawsgoverningsucha casearesufficientlyunderstoodso thattherefractive
indexandextinctioncoefficientofmaterialsinvolvedmaybefoundbydetermining
thereflectioncoefficientsofthematerials.Forthemorecomplicatedcaseinvolvinga
surfacewithperiodicor randomsurfaceirregularities,ananalyticdeterminationf
thepropertiesofthereflectedelectromagneticfieldmayonlybeapproximated.
In thepasttenyears,manypapershavebeenpublishedonscattering,or reflection
fromroughsurfaces.Manytheorieshavebeendeveloped,butnoneis bothgeneral
andrigorousatthesametime.To performreasonablysimplenumericalcalculations
onthebasisofthesetheories,certainsimplifyingassumptionsareintroduced,usually
includingoneormoreofthefollowing:
Thedimensionsof scatteringelementsof theroughsurfaceareeithermuch
smallerormuchgreaterthanthewavelengthoftheincidentradiation.
Theradiiof curvatureof thescatteringelementsaremuchgreaterthanthe
wavelengthoftheincidentradiation.
Shadowingorobscurationeffectsoccurringatthesurfacemaybeneglected.
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Onlythefarfieldistobeconsidered.
Multiplereflectionsmaybeneglected.
Considerationisrestrictedtoaparticularmodelof surfaceroughness(e.g.,saw-
tooth,sinusoidalprotrusionsof definiteshapeandin randomposition,with
randomvariationsinheightgivenbytheirstatisticaldistributionandcorrelation
function).
Electromagnetics atteringtheoryhasbeeusedin thepastto computeradiation
backscatteringfromtargetsin themicrowaveregionof thespectrum,wherethe
radiationwavelengthis muchgreaterthantheminuteirregularitiesof thetarget
surface,andwheretheconductivityof thetargetmaterialis infinite.In theoptical
region,wherematerialshavefiniteconductivityandthesurfaceirregularitieshavea
widerangein sizerelativeto theradiationwavelength,presentelectromagnetic
scatteringtheoryis applicableto only a few specialcases,so theonly wayto
detenninereflectancein this regionfor targetandbackgroundobjectsis by
experimentation.
D.2 DefinitionsandTerminology
Lightscatteringhastraditionallybeena separatedisciplinefromradar
scattering.Thishasledtoseparatenotationandtenninologyinthetwocommunities
thatresearchthesetopics.Opticalscatteringhassometenninologyin commonwith
radiometry(thepassivesensingandidentificationof targetsbasedontheirnatural
microwavemissions).Engineeringsymbolsandphysicsymbolsgenerallyusedare
comparedin TableD-1. Fig.D-1definesthebasicquantitiesusedinthedefinitions
thatfollow[1]. Notethatthesequantitiesvaryfrompointtopointonthesurface
~ ~.
althoughthedependenceonpositionvector( r or r) isnotexplicitlyindicated.
1) Radiantflux: Therateofemissionofpowerfromasource.Thesymbolsare(/J
orP andtheunitiswatts.
2) Radiantemittance:Also calledtheexcitance,this is usedto characterize
extendedsources.Mostsourcesof lightarelargein tennsof wavelengthanddonot
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emituniformlyin intensity.Theradiantemittanceis anindicatorof theintensity
variationacrossthesurface.It is thepowerradiatedperunitsourcesurfacearea.
Therefore:
M =d<1>
ds
(D.l)
Thephysicsymbolis Wandtheunitsarewattspersquaremeter.
dQ
Detector
or Scatterer
Source
A
n
R
Fig.D-1.SourceandscatterergeometryforLCS definitions.
3) Radiant intensity: The radiationfromsourcesis notonly non-uniformin
intensitybutalsoin direction.Radiantintensityis theradiantsourcepowerperunit
solidangle:
I =d<1>
dO.
(D.2)
Thephysicssymbolis J andtheunitis wattspersteradian.Thisisthecandlepower
ofthesource.
4) Irradiance: This is thepowerperunit surfaceareabeingreceivedby a
differentialsurfaceds':
E = d<1>
ds'
(D.3)
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The physicssymbolis H andtheunit is wattsper squaremeter.This is the
illuminationofthesurface.
5) Radiance:Theintensityperunitareapersteradianofasource.Thisessentially
combinesthedirectionalandintensitycharacteristicsof anextendedsourceintoa
singleparameter:
L =~ = d<f>
dsn cosBdsdQ.
(D.4)
Theunitiswattspersquaremetersteradian,andthephysicsymbolisN. Thisis also
referredtoasthebrightnessofthesource.
6) Radiantfluxdensity:ThePointingvectorW.
TableD-1.Symbolsandterminology.
Whena targetis illuminated,theprimedquantitiesin Fig.D-l apply;thatis, the
targetisareceivingsurface.Subsequently,thetargetbecomesasourceasit scatters
the incidentlight, and the unprimedquantitiesin Fig. D-I are appropriate.
Subscriptsi andr canbeusedto indicateincident(froma laser)or reflected(toa
detector).
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Engineering Physicssymbol
Quantity Units symbol (LCS) (Optics)
Radiantflux W (/J P
Radiantemittance(excitance) W/m2 M W
Radiantintensity W/sr I J
Radiantfluxdensity W/m2 W -
Irradiance W/m2 E H
Radiance WIm2sr L N
D.3 Reflectance Functions
It is possibleto arriveatthemostgeneraldefinitionof reflectancep
(calledbidirectionalreflectance)by consideringan infinitesimalelementof
surface,dA , uponwhichradiationof infinitesimalsolidangledOJ;andradianceNi
areincident.Tankinga coordinatesystemfixedwithrespecto dA,withpolarangle
e' measuredfromthenormalandazimuthanglefjJ', measuredfromafixedline(see
Fig. D.2),thecontributionto thereflectedradiance,dNr(e~,fjJ~),in thereflected
pencilfor thedirection(e~,fjJ~)is:
dNJe~,fjJ~)=p'NJe; ,fjJ;) cose;dOJ; (D.S)
Generally,p' is a functionof theincidentandreflecteddirections(ei~fjJ/and er~rh~
respectively),thepolarization(P),thewavelength(A),andtheopticalparametersof
thesurface.Totalradiancein a givenreflectedirectionis obtainedby integrating
Equation(A.1)overallincidentdirections,whichyields:
Nr(e~,fjJ~)=fp' N;(e; ,fjJ;) cose;dOJ; (D.6)
Normal
z'
dO),.'
Figure D-2. Local coordinatesystemfor definingbi-directionalreflectance.
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Also, by Helrnhotz'sreciprocitytheorem,if thedirectionsof the incidentand
reflectedpencilsareinterchanged,thebidirectionalreflectanceisunchanged:
p' (e;, c/J;e~,c/J~;P; A) =p' (e~,c/J~;e;,c/J;;P; A) (D.7)
Sincetheopticalconstantsofmaterialsmaychangefrompointtopoint,bidirectional
reflectancebecomesa functionof thelocationof dA. If it is thenassumedthatthe
surfacecanbedescribedbythez' =f(x~y?,thecorrectfunctionaldependencefor
reflectanceis:
P 'rei~ c/Ji~'er~c/Jr~'P; A; x~y ~Z?z'~JrX;Y? (D.8)
Generally,thedirectionof thenormaltodA is alsoa functionof thelocationof dA
onthesurfaceof theobject.Hence,evenif theincidentandreflectedradiationhave
a constantdirectionwithrespecttothe(x~y~z?coordinates,theangles(ei ~c/Ji?and
(er~c/Jr?, takenwithrespectothelocalnormal,wouldbea functionof locationof the
surfaceelementdA. For convenience,a second,absolutecoordinatesystemis
usuallyintroduced,namely,(x,y, z). Thex-zplaneofthissystemis coincidentwith
theaveragevalueof z' = (x~y?alongthesurfaceA, andis, therefore,theaverage
planeof thereflector.Thenormalto thisaverageplaneis parallelto thez axis.
Insteadof referringtheincidentandreflectedradiationtothelocalcoordinates,they
arethenreferredto theabsolutesystem,with e asthepolarangleandc/Jasthe
azimuthalngle.Thebidirectionalreflectancewithrespecttothissystemis:
p '(ebc/Ji;er,c/Jr;P; A; x,y) (D.9)
Anothertypeof reflectancecommonlyconsideredis thedirectionalreflectancePd,
whichis a functionof onlyonedirection,eithertheincidentor reflecteddirection.In
thecasewherereflectedpoweris integratedoverahemisphereandincidentpoweris
froma specificdirection,directionalreflectanceis denotedby Pdi.The incident
powerdPiis:
d".=dN(0, d.., PJ cosO,d{))dA1:'I I I' 'f'1' I I (D.lO)
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Usingeq.(D.6),wehave:
d", r,
dNr=P dA
(D.II)
Sincethereflectedpowerdprisgivenby:
dPr=dAL dNr cosBrdOJr =dpi Lp' cosBrdOJr (D.12)
Therefore:
PdlBi,tjJi; P; 1; x,y) =Lp' cosBrdOJr (D.13)
When dA is uniformlyilluminatedfrom all directions(N,= constant),the
correspondingdirectionalreflectance,pdr, is definedastheratioof theradiance
reflectedinagivendirectiontotheincidentradiance.Proceedingasprevioursly,we
have:
Nr = Lp' Ni cosBidOJi = Ni Lp'cosBidOJi (D.14)
And,thus:
Pd,(Br,tjJr;P; 1; x,y) = Lp' cosBidOJi (D.15)
FromcomparisonofEquations(D.12)and(D.13),weobtain:
Pd/B, tjJ;P; 1; x,y) =Pdr(B,tjJ; P; 1; x,y) = Pd (D.16)
Pd is calledtotaldirectionalreflectance.
D.4 BidirectionReflectanceDistributionFunction
In general,thedistributionof lightscatteredfroma sampleis a function
of incidentangle,wavelength,andpower,aswellassampleparameters(orientation,
transmittance,reflectance,absorptance,surfacefinish,indexof refraction,bulk
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homogeneity,contamination,etc.). The BidirectionalReflectanceDistribution
Function(BRDF)iscommonlyusedtodescribescatteredlightpatterns.
Usingthenotationpresentedby Stover[2],theBRDF canbedescribedasfollows.
LetusconsiderthegeometryshowninFig.D-3wherethesubscriptsi andsareused
to denoteincidentandscatteredquantities,respectively.Thusthedirectionof the
specularbeamis Os=Oiandt/Js=O. Theretroreflection(forlightscatteredbackinto
theincidentspecularbeam)isgivenbyOs=Oiandt/Js=180°.
TheBRDF is definedin radiometrictermsasthesurfaceradiancedividedby the
incidentsurfaceirradiance.As describedbefore,thesurfaceirradianceis thelight
flux (watts)incidentonthesurfaceperunitilluminatedsurfacearea.Thescattered
surfaceradianceisthelightfluxscatteredthroughsolidangle12sperunitilluminated
surfaceareaperunitprojectedsolidangle.Theprojectedsolidangleis thesolid
angletimescosOs. ThustheBRDF becomes:
diff. radiance dP IdQ P IQBRDF = == s s = s s
diff. irradiance~cosOs ~cosOs
(D.17)
andhasunitsof steradian-I.
y
Pi
x
Po
Figure D-3. Geometryfor thedefinitionof BRDF.
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The differentialformof theBRDF equationis morecorrect,butbecauseof the
convolutioneffects[Stover,1990],it is onlyapproximatedwhenmeasurementsare
takenwithafinite-diameteraperture.Theapproximationisverygoodwhentheflux
densityis reasonablyconstantoverthemeasuringaperture,butcanbeverypoor
whenusinga largeapertureto measurefocusedspecularbeams.The numerical
valueisbi-directionalinthatit dependsonboththeincidentdirection((Ji, 0)andthe
scatterdirection((Js,fjJs),andmaybeviewedasdirectionalreflectanceperunitsolid
angle(insteradians)ofcollectedscatter.
UsingthenotationpresentedinparagraphD.I, theBRDFcanberepresentedby:
p",(r',0..91.,0,,91,)~ £,,(0,.91,)Eiq ((J; ,fjJJ
(D.18)
Therefore,theBRDF givestheradiancein thedirection((Jr,fjJ,.)asa functionof:
incidencedirection ((Ji, fjJi);
locationofreflectionpointinthetargetsurfacef';
polarizationoftheincidentwaveq;
polarizationoftheobserverp.
TypicalBRDFvalues,measuredat0.633J.1m,areshownintheFigs.D-4andD-5for
lightanddarkmaterials[2].
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Figure D-5. BRDF of some blacksurfaces.
Thedifferenceis severalordersofmagnitude,andthispointstooneobviousmethod
ofLCS reduction:flatdarkpaintsasopposedtoglossylightpaints.
D.S OtherScatteringFunctions
TheassumptionsimpliedinthedefinitionofBRDF (differentialradiance
L dividedbythedifferentialirradianceE) arethattheilluminatingbeamis uniform,
thatscatteringoccursfromthe surfaceof the target,andthatthe differential
scatteringareais isotropic.Whentheseconditionsdonotexist,whichis typically
thesituationfor a measurement,thenthemeasuredquantitiesarenottheradiance
andirradiance.FunctionsimilartotheBRDFhavebeendefinedtocompensatefor
theseshortcomings.They are the BidirectionalScatterDistributionFunction
(BSDF),theCosine-correctedBSDF (or simplyScatterFunction),anda related
quantity,theTotalIntegratedScatter(TIS). As reportedin Stover[2], surface
roughnesscharacteristicscan be extrapolatedusing scatteringfunctions
measurementsand,conversely,reliablescatterpredictionscanbemadeusingsurface
statistics.
TheBSDFwasintroducedafterBRDFinordertoincludeothertypesofscatter,such
asthatfromtransmissiveoptics.Fromapracticalpointof view,theBSDF canbe
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definedasexactlythelasttennin eq.(D.5),andnotastheratioof radianceand
irradiance.Therefore:
BSDF == ~/Qs
~cosOs
(D.19)
Forthisreason,thecosOstenn(presentinthedefinitionof surfaceradiance)is often
disregarded,sinceno longeraddsanymathematical(or physical)valueto the
expression.Whenit isdropped,theresultisoftencalledtheCosine-correctedBSDF
or,sometimes,theScatterFunction(SF):
SF ==~/Qs
~
(D.20)
Withthecosinedropped,thelightscatteredfroma particularopticintoanygiven
solId angle,from any hypoteticalsource,may be foundby multiplyingthe
appropriatevalueoftheSFbytheincidentpowerandsolidangle.
Theearliestscatterometerswerenotdesignedtomeasurelightscatteredasafunction
ofangle..Instead,theseinstrumentsgather(orintegrate)alargefractionof thelight
scatteredintothehemisphereinfrontofareflectivesampleandfocusit intoasingle
df:tector.Themeasuredscatteredpoweristhennonnalizedbythereflectedspecular
powerandtheratiodefinedastheTotalIntegratedScatter(TIS). Theresultis an
imtrumentthatprovidesrepeatabler sults,fastthroughput,and(withoutlookingtoo
closely)a singlenumberto characterizesamplescatter.In a paperpublishedin
~954,Davies[3]reportedthefollowingrelationshipfor fractionalscatteredpower
fromasmooth,clean,conductingsurface:J
TIS == ~ =~=::
(
4JZ"O"COSO;
)
2
R~ ~- It
(D.21)
Ir additiontothesmooth-surfacerequirement(I <<4JZ"0"cos0;,where0"is theroot
meansquare(nns)roughness),Daviesassumedthattheheight-distributionfu ction
wasGaussianandthatmostof thelightwasrestrictedto scatteranglescloseto
specular(Os;:;Oi). Daviesextendedhis resultsto veryroughsurfacesandcompared
themto experimentaldataobtainedat radarfrequencies,with encouragingresults.
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Furtherdevelopments,basedontheRayleigh-Riceapproach(whichrelatescatterto
thesurfacepowerspectrumindependentof theformof theheightdistribution),
showedthatthe Gaussianassumptionadoptedby Davieswas not necessary,
thereforemovingthisrestriction[2].
D.6 Laser Cross Section
Lasercrosssection(LCS)canbedefinedinthesamewayasRadarCross
Section(RCS). Thereforewecanwritethefollowingexpression[1]:
(jpq(Bj,tPi,Br,tPr)= lim 4JrR2Wrp(Br,tPJ
R-,>oo ~q(Bjq,tPJ
(D.22)
wherethesubscriptsi andr referto incidentandreflectedandp andq denotethe
polarizationsofthereflectedandincidentwaves,respectively.Giventhat:
Irp
Wrp=]i2
(D.23)
theLCS canbewrittenintermsoftheradiant-intensity:
(j pq(Bp tPi,Br ,tPr) = 4Jr Irp(Br,tPJ
~q (Bj, tPJ
(D.24)
Forthemonostaticcase(i.e.,transmitterandreceiverco-located),thissimplifiesto:
(jpq(B,tP)= 4Jr Irp(B,tP)
~q(B,tP)
(D.25)
In practice,LCS is a functionof manyparametersin additionto the target
characteristics.Theseinclude:beamprofile,beamwidth,lasertemporalandspatial
coherence,targetsurfacecharacteristics,receiveraperture,anddetectoraveraging.
Furthermore,satisfyingthefar-fieldcriterion(nD 2/..1,wheren is generally2) is
difficultatlaserfrequenciesbecauseA is sosmall.Thus,unlikeRCS, thefar-field
limitingprocesscannotbestrictlyappliedtoLCS. It maybetemptingtodiscardthe
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conceptof LCS, butLCS doesprovideusefulandrepeatabledataatdistancesthat
canbeaccommodatedbyindoorandoutdoorfacilities.
D.6.1 BRDF and Laser Cross Section
Consideringadifferentialsurfaceareads illuminatedwitharadiantflux
densityWig(Bb(M,asshownin Fig. D-6,thepowercollectedby thedifferential
patchisgivenby[1]:
w,q (Bi, r/Ji)cosBids (D.26)
TheBRDF of thispatchis ppgand,therefore,wehave:
Lrp(Br,r/Jr) = Ppqwiq(Bi,r/JJcosBids (D.2?)
Incident
Beam
A
n ScatteredEnergy
-./
Ppq( r', B;, r/J;,Br, r/Jr)
DifferentialPatchof
ScatteringSurface(ds)
Figure D-6. Beamilluminatinga differentialsurfacepatch.
FromthedefinitionofLCS,wecanwrite:
dlrp LrpcosBrds
dapq = 4JZ'- = 4JZ' = 4JZ'ppqcosBicosBrds
w,q w,q
(D.28)
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Theexplicitangledependencieshavebeendroppedfornotationalconvenience.This,
isthefundamentalequationfortheLCSofasurface.
D.6.2 Diffuse Surfaces - Rayleigh Condition
At opticalwavelengths,almostall surfacescanbeconsideredrough.The
irregularitiesarecomparabletoorgreaterthanawavelength.Thestandardcriterion
foraroughsurfaceistheRayleighcondition:
A
h <--
8 . IIFSIll.,..
(D.29)
whereh is the averageheightof the irregularitiesand If!is the grazingangle,as
shownin Fig. D-7.
FigureD-7.Rayleighconditionfora roughsurface.
Increasingthesurfaceroughnessi equivalenttointroducingpathdifferencesrelative
toa smoothsurface.If thesurfaceirregularitiesarerandom,thephaseerrordueto
pathdifferenceswill alsoberandom,andthefinalresultis aLCS noisefloor. This
randomcomponentis calleddiffusescattering,asopposedto specularscattering.
For laserscattering,thediffusecomponentcandominate.In fact,theremaybeno
specularcomponentpresentinmanyinstances,asillustratedinFig.D-8[1].
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Figure D-B. Scatteringfrom veryroughandextremelyroughsurfaces.
In general,thescatteringfromasurfacehasthethreedistinctfeatureshownin Fig.
D-9. Thefirstis theuniformscatteringatmostanglesthatis characteristicof a
diffusesurface.Thisis trueforall anglesof incidenceOi. Oneexceptiontothisis
thespeculardirection,whichsatisfiesSnell'slaw,Os=-Oi. If thesurfaceis smooth
enough,a specularlobeoccurs,andtheheightof thelobeincreaseswithsurface
smoothness.Thesecondangleofenhancedscatteringis inthebackdirection.This
D-15
is referredtoastheoppositioneffectandisduetosecondaryscatteringmechanisms.
Theyincludelocalshadowingandinteractionsbetweenadjacentsurfaceareas[4].
z
es=~ es=-~
Opposition
Figure D-9. Typicalbistaticscatteringpatternfor a rough flatsurface.
D.6.3 PerfectlyDiffuseSurfaces
Diffusesurfaceshavea constantBRDF, as theyscatterequallyin all
directionsindependentlyof theilluminatingdirection,andall pointsonthesurface
scatteridentically.Thus,wehave:
ppq(r',Bi,rjJiJir,rjJr) = Po (D.30)
wherepois a constant.In thiscase,it makessensetodefinea totalhemispherical
reflectance:
r2"[
/2 .
Rd =.b Po cosBrsmBrdBrdrjJr (D.31)
wherethesubscriptd indicates"diffuse".Foraperfectlydiffusesurfaceq.(D.19)
integratesto:
Rd=ffPo (D.32)
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D.6.4 LCS Components
Empirically,LCS hasbeenfoundtobecomposedofthreecomponents:1)
specular,os;2)diffuse,ad;and3)projectedarea,Gp.ThetotalLCS is:
a = OS+ ad+ Gp (D.33)
Thespecularcomponenthasthepotentialforextremelylargevaluesbecauseof the
smallwavelength.However,themajorityof theincidentlightis scattereddiffusely
for mostsurfaces.Frequently,thespecular"flash"cannotevenbeidentified.In
theory,thediffusecomponentvariesascos2e.However,measuredatafordiffuse
surfacesgenerallyfalloff moreslowlythanCOS2e,approachingcose,whichis more
characteristicoftheprojectedcomponent.
ReflectanceR, definedin eq.(D.19)forperfectlydiffusesurfaces,is a measureof
reflectivityofatarget.Essentially,it isaratioofallthepowerscatteredbythetarget
tothepowerincidentonthetarget.A fractionofthereflectedlightcanbeassociated
witheachof theLCS componentsli tedearlier.By conservationfenergy,thesum
ofthereflectancesmustbelessthanorequalto1:
R =Rd +Rs +Rp:::;;1 (D.34)
The portionof scatteredenergyallocatedto eachLCS componentis frequently
determinedafterthefact. ThevaluesofRd,Rs,andRparechosentoprovidegood
agreementbetweenmeasuredandpredictedLCS values.
D.6.5 Specular Laser Cross Section
Physicaloptics(PO)orgeometricaloptics(GO)canbeusedtocompute
thespecularcomponent.Theexpressionsforaperfectlyreflectingsurfacemustbe
reducedbyRs:
GO: as =RsJrR(Ri
(D.35)
PO: a =R 4JrA2IA?s s
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Statisticalanalysiscanbeusedto estimatethevalueof Rs. For example,if only
specularanddiffusescatteringoccursforaparticulartarget(Rp=0),RdandRscan
beapproximatedbythefollowingexpressions[1]:
R =e-/',2s R 1
-/',2
d= -e (D.36)
where8 =2k(5ab- 5Cd)isarandomvariablegeneratedasdifferenceoftwosamples
fromanormaldistribution(5ab and5cd aretheerrorsatelements(a,b)and(c,d);
and k =2ff/A). Fromstatistics:
{
-/',2
- e
ell'.=cos8 +jsin8 = 1
a;;j:.c and b;;j:.d
a=c and b=d
(D.37)
where82=4k252. The specularbeamwidthspredictedby physicalopticsare
usuallymuchsmallerthanthoseencounteredin measurements,e peciallywhenthe
specularlobeintensityis of thesameorderofmagnitudeasthediffusecomponent.
Frequently,cosinefitsofmeasureddataareusedtomodelthespecularcomponent.
Withthespecularpeakrepresentedbyacosineshapeofpowern,wehave:
das =2nRncosnBds (D.38)
Consideringa circular,flat surfaceof radiusa withno azimuthal(fjJ)scattering
dependence,wehave:
r/2a = 2nRn27rG2 cosn()sin Bd() (D.39)
or
as =47rG2R ~
n n+l (DAO)
ComparingtothePOresultgives:
Rs=4R~n
n+l
(DAI)
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Whenn=1,os~cose,andeq.(D.28)reducestotheprojectedareaLCS. Whenn =
2, os~cos2e,andeq.(D.28)reducestothediffuseLCS.
D.6.6 ProjectedAreaCross Section
As mentionedearlier,manyscatterersdonothavethemonostaticCOS2e
dependenceexpectedof a perfect!y diffusesurface.This is usuallydueto beam
profileeffects. Addinga projectedareacomponentcanimprovetheagreement
betweenpredictedandmeasureddata.Thistermhastheform:
dap =2RpcosBdA (D.42)
wheree is theanglefromthesurfacenormalandRptheprojectedareahemispherical
reflectance( .g.,theprojectedareaofasphereissimplyadisk).
D.6.7 Multiple Reflections
Multiple reflectionscan contributesignificantlyto the LCS at an
observationpoint.WithreferencetothegeometryillustratedinFig.D-10,relativeto
multiplediffusescatteringin a laser"cornereflector",theexpressionfor double
bouncereflectionisthefollowing[1]:
4Rd ffcose;2coser]a]2 =-cosei] coser2 2 ds]dS2
n ~~ ~2
(D.43)
Thisexpressionmustbeevaluatednumerically.
Resultsof computationsrelativetoa cornereflectorcomposedbytwo6 in.plates
arepresentedin Fig.D-11. Notethatthesinglyreflectedtermis a constantwhen
bothplatesareconsidered.Thecosinefactorforoneplateiscompensatedforbythe
cosinefactorof thesecondplatefor 90°cornerangle.Theadditionof thedoubly
reflectedfieldhasnoeffectatthegrazinganglesbutdoesincreasetheLCS atother
angles. The methodpresentedby Jenn [1995]canbe extendedto higher-order
reflectionsaswell.
D-19
yFigure 0-10. Diffusescatteringby a corner reflector.
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D.6.8 Laser Cross Section Prediction for Complex Targets
Diffusescatteringistheprimarymechanismof lightscatteringbytargets
with"average"surfacecharacteristics.Averagereferstomaintenanceof thetarget's
surface;thatis,nospecialsurfacepreparationorpolishingis performed.Relatively
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accurateLCS predictionsfor complextargetscanbemadeusingthegeometrical
componentsmethod.In manycases,multiplereflectionscanbeneglectedandthe
LCS estimatesarestillwithinacoupleofdecibelsofmeasureddata.
TheoverallLCS levelatanyparticularobservationpointis determinedprimarilyby
theamountofprojectedtargetareapresentedtotheLADAR system.Therefore,it is
importantto includeshadowing.For diffusescattering,therelativephasesof the
targetcomponentsarenotimportant.ThetotalLCS is simplyanoncoherentsumof
all "subsurface"LCS contributions.
The restrictionsandlimitationsimposedby the definitionof LCS are seldom
satisfied.Issuesuchascoherence,beamprofile,volumescatteringbythetarget,and
so forth,havea significanteffectonLCS andareusuallyincludedin simulation
codes. As in thecaseof radar,it is thesignal-to-noiseratiothatultimately
determinessystemperformance,andLCS isjustoneofmanyparametersthataffect
SNR. Signal-to-noiseratioscanbe significantlyenhancedby signal-processing
techniques.MostLCS computercodes imulatetheprocessingandimageformation
componentsof thesystem,aswell asLCS computationandatmosphericeffects.
Thisprovidesamoreaccuratestimateof systemperformancethanis possiblefrom
asimpleLCS number[1].
D.6.9 LaserCrossSectionReductionMethods
In principle,thesamemethodsusedin RCS reductioncanbeappliedto
LCS. Theyare:shaping,materialsselectionandcoatings,passivecancellation,and
activecancellation.
Shapingprimarilyaffectsthespecularcomponent,whichis generallynegligible
unlessthesurfaceis opticallypolished.Shapinghasonlya smalleffecton the
diffusecomponent(whichvariesascoi B)andtheprojectedareacomponent(which
variesascosB). Activeandpassivecancellationareeffectiveonlywhenappliedto
coherentscatteringsourcesand,therefore,arenotpracticalatlaserfrequencies.
ThemosteffectivemeansofLCS reductionismaterialsselectionandtheapplication
of coatings.In fact,properlydesignedfilmscausemultiplereflectionsatthetwo
interfacesair/filmandfilm/targetto cancel. Onecommonmethodfor reducing
reflectionfromadielectricbodyistheapplicationofquarter-wavefilms,alsoknown
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as antireflectioncoatings.For a normallyincidentwave,a quarter-wavefilm
thicknesscausesequalreflectionsat bothinterfacesto cancel,yieldinga total
reflectioncoefficientof zero(thisisduetothefactthatheround-tripathdifference
inthefilmintroducesa 180°phasedifferencebetweenthetworeflectedwaves).
A usefulequationfor appropriateselectionof quarter-wavefilm materialsis the
following[1]:
2
R =~ - nOn2
nOn2+~2
(D.44)
This equationgivesthereflectioncoefficient(R) asa functionof therefraction
indicesof air,filmandtargetmaterial(i.e.,no,n]andn2respectively).Forcingthe
reflectioncoefficienttozerorequiresafilmrefractioni dexof nl=~nOn2.
Antireflectioncoatingscan be usedin conjunctionwith shaping. However,
particularlyfor airborneapplications,thesuccessfulapplicationof films to the
reductionof LCS requiresa delicatetrade-offbetweenelectrical,mechanical,and
thermalperformance.Materialpropertiesofprimaryconcernarestrength,elasticity,
hardness,thermalconductivity,finishingcharacteristicsanddurability.
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